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ABSTRACT
The ca. 158 African species of Begonia represent 16 sections and occur 
principally in the tropical rain forests of West and Central Africa, but are also found in 
the more seasonal forests of East and South Africa. Other species are island endemics 
found in: the Socotran Archipelago (2 spp.); Madagascar, the Mascarenes and Comores 
(50 spp.); and the Gulf of Guinea Islands (4 spp.). Afro-Malagasy begonias include 40 
species in sections Baccabegonia, Squamibegonia, Tetraphila and Mezierea, that 
possess fleshy fruits, presumed to be an adaptation to bird or ant dispersal.
A phylogeny of African Begonia based on chloroplast trnL intron nucleotide 
sequences resolved the wingless fleshy-fruited species of African Begonia as 
monophyletic with the exception of species in section Mezierea. This section is 
polyphyletic with B. meyeri-johannis and B. oxyloba forming an unresolved clade, and 
B. salaziensis and B. comorensis more closely related to winged, dry-fruited Malagasy 
species. All endemic Malagasy and Mascarene species sampled (representing sections 
Mezierea, Erminea, Quadrilobaria and Nerviplacentaria) form a monophyletic group. 
Another clade comprises the terrestrial, hydrophytic, predominantly West and Central 
African, wing-fruited species in sections Scutobegonia, Loasibegonia, Filicibegonia 
and Cristasemen plus Begonia iucunda. It includes the monotypic section Cristasemen 
and B. iucunda that are sister to the remaining, more species-rich sections. This result is 
mirrored by morphological and previous ITS data, and a new section, Chasmophila, is 
established to accommodate B. iucunda. The predominantly East and South African 
species in sections Augustia, Rostrobegonia, Sexalaria and Peltaugustia are more 
closely related to American and Asian species of Begonia than they are to other African 
species.
A comparison of separate analyses based on the chloroplast trnL intron and the 
nuclear ribosomal internal transcribed spacer (ITS) and 26S regions show congruence in 
portions of the tree that depict the West and Central African and endemic Malagasy 
begonias, but are incongruent among the clades that include Asian, American and East 
and South African species. In the ITS phylogeny Asian and American species form two 
separate monophyletic clades which collapsed when ambiguously aligned regions in the
ITS matrix were eliminated. In the trnL intron phylogeny American and Asian species 
are interdigitated. These results weaken prior claims that American and Asian species of 
Begonia are monophyletic. A combined trnL intron, ITS and 26S analysis shows that 
fleshy fruits are apomorphic within Begonia and evolved at least twice in Africa.
An overview of morphological character and character state delimitations in 
Begonia found that different workers interpret morphology and delimit character states 
in different ways. Twenty-seven characters were identified for the fleshy-fruited 
begonias of sections Baccabegonia, Squamibegonia and Tetraphila. When combined 
with molecular data, morphology resolved nodes that molecular data alone did not. This 
combined analysis suggests non-monophyly of section Tetraphila, but a re-delimitation 
of this section is not advised. Section Squamibegonia (B. poculifera, B. ampla, and B. 
bonus-henricus) is monophyletic with B. baccata (section Baccabegonia) as sister. The 
best indicators of species relationships within Tetraphila are stigma and style 
morphology; forked styles with twisted stigmas are plesiomorphic within the section 
and simple styles with contracted stigmas at their apex are apomorphic. Leaf shape and 
habit characters also provide valuable synapomorphies.
Dates of evolutionary events in African Begonia were estimated assuming an 
age of two million years for B. salaziensis, equivalent to the age of Reunion, and are 
congruent with biogeographical hypotheses based on other plant and animal 
phylogenies and with geological and climatological evidence. A large proportion of the 
current diversity of Begonia in Africa is of pre-Pleistocene origin, and many of the main 
lineages probably arose at the end of the Miocene, reflecting the general aridification 
that converted large parts of central Africa into savanna or rain forest-savanna mosaic. 
Areas previously identified as Pleistocene rain forest refugia have probably acted as 
refugia repeatedly since the Miocene. Sao Tome is identified as an important pre- 
Pleistocene refuge for the genus. Species of relatively recent Pleistocene origin are 
concentrated in the species-rich sections Tetraphila, Loasibegonia and Scutobegonia. 
Begonia diversification on Madagascar is postulated to have followed a single dispersal 
event at ca. 12 Ma, followed by the more recent dispersal of B. oxyloba from the 
mainland.
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CHAPTER 1 Introduction: the genus Begonia and its African 
representatives
1.1 THE BEGONIACEAE C.AGARDH AND ITS FAMILY RELATIONSHIPS
The number of genera recognised in the Begoniaceae differs in recent accounts, 
ranging from two (Mabberley, 1993) to four (Takhtajan, 1997) or five (Heywood,
1993). However, specialists currently working on the family appear to agree that it 
comprises three genera: Begonia L.1, Symbegonia Warb. and Hillebrandia Oliv. (van 
den Berg, 1983; de Wilde, 1984; Tebbitt, 1997; Badcock, 1998; Forrest, 2000). In the 
past, the family has been placed in the order Begoniales (Takhtajan, 1997) and the 
Violales (Cronquist, 1981), but it currently forms part of the Cucurbitales alongside 
Corynocarpaceae, Anisophyllaceae, Coriariaceae, Cucurbitaceae, Datiscaceae and 
Tetramelaceae (Chase et al., 1993; Angiosperm Phylogeny Group, 1998). In a recent 
phylogenetic study of the Cucurbitales, Swensen et al. (1998) found Datisca L. 
(Datiscaceae) to be sister to the Begoniaceae. The family Datiscaceae itself proved to be 
non-monophyletic, with the other two genera of Datiscaceae, Octomeles Miq. and 
Tetrameles R.Br., placed as sister to the Begoniaceae plus Datisca clade. As a result, 
Swensen et al. (1998) recommended the recognition of the family Tetramelaceae to 
accommodate Octomeles and Tetrameles following the taxonomy of Airy Shaw (1964).
In contrast to the large size of Begoniaceae, reflecting the exceptional species 
diversity of the genus Begonia (ca. 1400 spp.), families closely related to the 
Begoniaceae are comparatively very small. Datisca (Datiscaceae) comprises two 
species, while both Tetrameles (Tetramelaceae) and Octomeles (Tetramelaceae) are 
monotypic, and Corynocarpaceae and Coriariaceae have only five species each. In 
contrast, the Anisophyllaceae contain 29 species in four genera and the Cucurbitaceae
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contain 760 species in 121 genera. The distributional patterns of these families and their 
genera are also quite disparate. The genus Datisca is a northern hemisphere taxon while 
other close relatives of the Begoniaceae (Tetramelaceae, Coriariaceae and 
Corynocarpaceae) are from Asian, East Asian and Pacific regions. The Begoniaceae 
itself is pantropical.
1.2 THE GENUS BEGONIA
Of the three genera currently recognised in the Begoniaceae, the pantropical 
genus Begonia is by far the largest and is among the ten most species-rich angiosperm 
genera (Frodin, pers. comm. 1999). It comprises approximately 1400 species currently 
subdivided into 63 sections (Doorenbos et al., 1998). It occurs both in tropical and 
subtropical regions, although is notably absent from Australia. Begonia shows the 
classical pattern of species distribution found in so many other pantropical taxa 
(Richards, 1973), with poor species representation in Africa compared with both Asia 
and the Neotropics (Doorenbos et al., 1998). Compared to the over 600 species each 
found in both South America and Asia, Africa (including Madagascar and the 
Mascarenes) supports only an estimated 158 Begonia species, divided into 16 sections.
The 12 species of Symbegonia, all endemic to New Guinea, are easily 
identifiable by the diagnostic campanulate corolla. Recent studies based on DNA 
sequence data from the chloroplast region trnC-trnD (Badcock, 1998) and the internal 
transcribed spacer regions (ITS1 and ITS2) of the 18S-26S ribosomal repeat arrays 
(Forrest, 2000) have shown Symbegonia to be nested within Begonia, specifically 
within the Asian section Petermannia. This suggests that Symbegonia is an extreme 
morphological variant of Begonia. In contrast, in molecular studies where both 
Hillebrandia sandwicensis and species of Begonia have been sampled, Hillebrandia 
always resolves sister to Begonia (Forrest, 2000; Wagstaff & Dawson, 2000). The genus 
Hillebrandia is monotypic, the single species H. sandwicensis being endemic to the 
Hawaiian archipelago.
1 Authorities are given for generic and subgeneric taxa outside of Begoniaceae. In the Begoniaceae, 
section authorities are included the first time sections are mentioned in the text. Species nomenclature 
follows Doorenbos et al. (1998) and authors are not included here.
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1.3 THE GENUS BEGONIA IN AFRICA
Most sections within the continental African Begonia are morphologically well 
characterised, due primarily to intensive taxonomic research carried out at the 
Agricultural University in Wageningen over the past 20 years. Relatively recent 
published taxonomic revisions cover sections Baccabegonia (Reitsma, 1985), 
Squamibegonia (de Wilde & Arends, 1980), Mezierea (Klazenga et al., 1994), 
Loasibegonia (Sosef, 1994), Scutobegonia (Sosef, 1994), Rostrobegonia (Irmscher, 
1961), Augustia (Irmscher, 1961) and Cristasemen (de Wilde, 1984). Moreover, the 
revisions of sections Tetraphila (de Wilde, pers. comm., 1999) and Filicibegonia 
(Wieringa, pers. comm., 2000) are in progress. The mainland African begonias have 
also been treated for several floras, including the Flora of Tropical Africa (Hooker, 
1871), the Flore du Congo du Rwanda et du Burundi (Wilczek, 1969) and the Flora of 
Southern Africa (Hilliard, 1976). The Malagasy Begonia species were last revised by 
Keraudren-Aymonin (1983) for the Flore de Madagascar, who recognised 50 species. 
These species were not assigned to any sections, however, as she considered it 
premature in the absence of a clear, widely accepted review of sectional delimitations.
Doorenbos et al. (1998), in their recent review of the sections of Begonia, 
recognised four endemic Malagasy sections (Erminea, Quadrilobaria, Nerviplacentaria 
and Muscibegonia). One further section, Mezierea, though more widespread, has 
species that are endemic to both Madagascar and the Mascarenes. Of the 14 sections of 
Begonia on continental Africa, three {Peltaugustia, Augustia, and Rostrobegonia) are 
concentrated in eastern and southern regions of the continent, from the Socotran 
Archipelago to South Africa. The remaining sections (.Loasibegonia, Scutobegonia, 
Filicibegonia, Cristasemen, Sexalaria, Tetraphila, Squamibegonia and Baccabegonia) 
are predominantly West and Central African, showing highest species-diversity in 
lowland and sub-montane regions of western Central Africa, from southern Nigeria to 
Gabon (including the Gulf of Guinea islands). Among these tropical African begonias is 
a group of 34 species representing three sections: Tetraphila, Squamibegonia and 
Baccabegonia. These species, in addition to the six in the Afro-Malagasy section 
Mezierea, are characterised by the possession of fleshy or pulpy, berry-like fruits, 
showing little if any trace of the expanded wing-like appendages that characterise the 
remainder of the genus. The term ‘fleshy’ on its own has been used widely to refer only
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to the berry-like fruits in these species and to those in the Asian section Spenanthera 
and the American section Parietoplacentaria (van den Berg, 1984; de Lange & Bouman 
1991; Doorenbos et al. 1998). This terminology is followed in this thesis, and species in 
these four sections are referred to as the “fleshy-fruited begonias”. In Africa, there are a 
few other species, such as those in section Erminea from Madagascar or the African 
section Scutobegonia that have intermediate fruits that exhibit a fleshy or pulpy texture 
and possess fleshy wings or wing-like appendages. The fruits in these species have been 
termed ‘juicy’ by some authors (Sosef, 1994). There is no standard by which we can 
distinguish fleshy from juicy, and these terms should be considered interchangeable. 
Both terms refer to the fruits of some Begonia species that, rather than forming dry 
capsules at maturity, as is common in the genus, remain pulpy. In the following chapters 
the fruits of species like those in section Erminea or Scutobegonia are termed winged 
fleshy-fruited species, and it is these wings that separate them from the main subjects of 
this study.
1.4 AIMS OF THE PRESENT STUDY
This thesis investigates the evolution and biogeography of the wingless fleshy- 
fruited Begonia in Africa. In order to test the monophyly of this group, sampling was 
extended to include numerous other African representatives of the genus, in addition to 
several Asian and American species. The chloroplast DNA (cpDNA) trnL intron was 
chosen because during the early stages of the project, while testing different gene loci 
for their phylogenetic value, it was found to have an adequate degree of variation 
among African species of Begonia. It was also favoured because an extensive cpDNA 
phylogeny for the genus did not previously exist. The aims of the thesis are:
1) To test the phylogenetic hypothesis for Begonia based upon sequence data of 
the internal transcribed spacer (ITS) of nuclear ribosomal DNA (nrDNA).
Forrest (2000) produced a phylogeny of Begonia based on ITS sequence data. 
This study was the first to significantly sample the genus, and included approximately 
10% of species in the genus. On closer inspection of the ITS data it was obvious that the 
levels of divergence in the locus, particularly between African lineages, were so high 
that aligning many sequences was an ambiguous process. As a result, it is necessary to
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test the phylogenetic hypothesis proposed for Begonia based on ITS sequence data with 
a new, independent cpDNA data set, particularly among African species. This would 
help to answer the question whether there is congruence between the phylogenetic 
hypotheses of African Begonia based on nrDNA and cpDNA sequence data. Based on a 
comparison of phylogenies based on trnC-trnD (Badcock, 1998) and ITS sequences, 
there have been some indications that there may be a localised lack of congruence. This 
was tested by sequencing the trnL intron for a much broader sample of species than the 
trnC-trnD study.
2) To investigate the origin and evolution of fleshy fruits in Africa and to study 
character evolution in species with this fruit type.
Based on morphological evidence, fleshy-fruits have been believed to be good 
indicators of close evolutionary relationships. Here I aimed to test both this hypothesis 
and answer the following questions: Have fleshy-fruits originated once (as is implied by 
morphology) or on more than one occasion (as suggested by nrDNA data)? If they have 
arisen more than once, where and how often? Finally, what are the relationships among 
fleshy-fruited begonias in Africa and what are the patterns of morphological character 
evolution among these species.?
3) To investigate the biogeography of African begonias.
The patterns of plant distribution we see in the African tropics today have been 
considered to be largely attributable to climatic changes during the Pleistocene. By 
combining the phylogenetic information from earlier parts of this study, together with 
distribution information and knowledge of the climatological and geological history of 
Africa, this section of the project approached the following questions: Do areas of 
Begonia distribution and tree topology give insights into refugial patterns? And can a 
molecular clock approach be used in Begonia to assess how divergence patterns 
correlate with the physical history of Africa?
All three subjects are discussed in more than one of the following chapters.
These have been designed to stand alone like papers submitted to a peer reviewed 
journal. As a result, there is a slight degree of repetition where an effort has been made 
to place these subjects into context within each chapter.
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CHAPTER 2 Phylogenetic relationships of the Afro-Malagasy 
Begonia inferred from trnL intron sequences
2.1 INTRODUCTION
There are an estimated 158 species of Begonia in Africa, distributed throughout 
sub-Saharan Africa, Madagascar and their offshore islands (Doorenbos et al., 1998). 
Approximately one third of the 158 African begonias are endemic to Madagascar and 
associated islands (Mascarenes, Seychelles and Comoros). Begonia diversity in Africa is 
notably lower than in Asia or America, each of which maintains over 600 species. This 
pattern of diversity, showing a contrasting high species richness in Asia and the 
Neotropics with respect to a relatively species poor Africa, is recorded in numerous 
other angiosperm genera (Richards, 1973).
There are two ecologically distinct classes of Begonia on mainland Africa. The 
first consists of those species found in moist habitats of Tropical African lowland and 
sub-montane evergreen rain forest, and which rarely occur East of the Lake Kivu region. 
The centre of diversity for this group is in western Central Africa, in Cameroon and 
Gabon. These include species in sections Baccabegonia, Squamibegonia, Tetraphila, 
Loasibegonia, Scutobegonia, Filicibegonia and Cristasemen. The second group is 
adapted to more seasonal, sometimes arid conditions and has a general afro-montane, 
tropical East African distribution, ranging from the Socotran archipelago throughout the 
Eastern Arc mountains to South Africa, with a few outlier species in West and Central 
Africa; it includes 24 species in sections Rostrobegonia, Peltaugustia and Augustia. 
Section Sexalaria, comprised of the single species B. annobonensis, is endemic to west 
Central Africa, but is part of this group, being found in areas with increased seasonality
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in areas of coastal Cameroon and the Gulf of Guinea islands.
Only one section, Mezierea, which belongs to the group of wet forest species, 
occurs on both continental Africa and Madagascar. Four species in this section are 
endemic to Madagascar and the Mascarenes (.B. salaziensis, B. humbertii, B. comorensis 
and B. seychellensis); B. meyeri-johannis is found in East Africa whereas B. oxyloba is 
more widespread, occurring throughout tropical Africa and Madagascar (Klazenga et al.
1994).
2.1.1 Classification o f African Begonia
Klotsch (1855) was the first author to place the 210 species of Begonia 
(described up to that time) into 41 genera in the Begoniaceae. Subsequent authors, 
however, did not follow Klotsch’s subdivision of the family (Doorenbos et al, 1998). In 
1859, A. de Candolle produced the second monograph of the Begoniaceae, where he 
reduced most of Klotsch’s (1855) genera to sections, and where he recognised only three 
genera in the Begoniaceae: Begonia, Casparya and Mezierea. De Candolle's (1859) 
African sections, which he placed in the genus Begonia and which still exist today are: 
Augustia (Klotsch) A. DC., Erminea A. DC., Filicibegonia A. DC., Loasibegonia A. 
DC., Muscibegonia A. DC., Nerviplacentaria A. DC., Quadrilobaria A. DC., Sexalaria 
A. DC. and Tetraphila A. DC. In 1867, Bentham and Hooker placed 329 out of the then 
330 species of Begoniaceae in the genus Begonia, while the single remaining species was 
maintained in the monotypic genus Hillebrandia described a year earlier by Oliver 
(1866). Warburg (1894) was the first systematist to classify the genus Begonia 
according to geography, highlighting the importance of physical proximity in Begonia 
classification. He was also the first worker to officially reduce the genus Mezierea 
(Gaud.) Warb. to a section of Begonia. To de Candolle's (1859) sections, he added 
sections Rostrobegonia Warb., Scutobegonia Warb. and Squamibegonia Warb. He did 
not agree, however, with de Candolle's circumscription of section Nerviplacentaria, 
which he listed under “dubious sections”. He also created Peltaugustia (Warb.) Barkley,
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a subsection of Augustia, to accommodate the island endemic B. socotrana. Irmscher's 
(1925) monograph of the family largely followed Warburg’s classification, but reinstated 
the Malagasy section Nerviplacentaria. Baranov & Barkley (1974) elevated Warburg's 
subsection Peltaugustia to sectional rank. A new species discovered by V. Plana in 1995 
on the island of Samhah, adjacent to Socotra, has also been placed in this section 
(Hughes & Miller, in press). In 1984, de Wilde erected the section Cristasemen J.J. de 
Wilde to accommodate B. thomeana, previously placed in section Loasibegonia. In the 
same year, Reitsma created section Baccabegonia Reitsma to accommodate B. baccata 
and B. crater is, two endemic species from the island of Sao Tome (Gulf of Guinea 
islands), which were previously in section Squamibegonia. Thus, there are currently 16 
recognised sections of Begonia in Africa (Doorenbos et al., 1998).
2.1.2 Sources o f molecular phylogenetic data in Begonia
Segments of the chloroplast and nuclear genomes are those most commonly 
sequenced in plants. The mitochondrial genome has, in contrast, been little used in plant 
studies due to its slow substitution rates and extensive intramolecular recombination 
(Soltis & Soltis, 1998). The chloroplast genome in photosynthetic land plants is 
relatively small (120-200 kb) and most genes in it are viewed as effectively single-copy 
(Soltis & Soltis, 1998). This avoids some of the problems in estimating phylogenies for 
some multigene families in the nuclear genome which can be subjected to differing levels 
of concerted evolution (Hershkovitz et al., 1999). It is also significant that chloroplasts 
are predominantly uniparentally inherited (via the mother in most angiosperms), and 
that cpDNA molecules are not therefore subject to recombination. This recombination 
present in nuclear genes is what makes nuclear genes a mosaic of sequences with 
differing evolutionary histories. In contrast, the cpDNA genome represents an organellar 
rather than an organismal history and these histories may or may not be congruent. 
However, it is recombination, combined with incomplete concerted evolution of gene 
copies, which can complicate sequencing and estimating phylogenies in nuclear regions 
such as ITS.
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Non-coding chloroplast sequences are now regularly used in isolation or in 
combination with other genomic regions to resolve phylogenetic relationships at the 
species level and above. The trnL intron and trnL-trnF spacer are some of the most 
commonly sequenced regions of the plastid (see Soltis & Soltis, 1998). The tmL-F  
region consists of the trnL intron, which commonly ranges from 350 to 600 bp, the 
small 3’ exon and the adjacent tmL-tmF  spacer which is relatively small ranging from 
120 to 350 bp (Soltis & Soltis, 1998). Gielly & Taberlet (1994) found that on average 
the trnL region can evolve up to three times faster (including a high frequency of 
insertions/deletions) than rbcL in some groups. Although most studies using sequences 
from the trnL intron and trnL-trnF spacer are at the genus level and above, a few recent 
studies have found this region useful for resolving species relationships (e.g. Fernandez 
et al., 2001; Fukuda et al., 2001; Muasya et al., 2001).
Tebbitt (1997) sequenced the trnL-trnF region of 12 species of Begonia, 
including one African species, to investigate its utility for the resolution of phylogenetic 
relationships, but found the trnL region to be insufficiently variable to merit further 
work. Similar claims were made for ITS by L. Brouillet (pers. comm., 1995, in Tebbitt,
1997), but subsequently ITS has been shown to have very significant levels of sequence 
divergence, in some instances to the extent of causing alignment difficulties (Forrest, 
2000). Alignment ambiguity in Forrest’s study was noted as being considerably more 
significant among African species, and for this reason it was thought appropriate for this 
study to sequence the trnL region in further taxa, to investigate whether suitable levels 
of cpDNA variation could be found among African species.
2.1.3 Previous molecular phylogenetic work on African Begonia
The first molecular phylogeny o f Begonia to include African species was carried 
out by Tebbitt (1997). He included only eight species, B. meyeri-johannis, B. 
salaziensis, B. manii, B. sutherlandii, B. dregei, B. johnstonii, B. quadrialata and B. 
prismatocarpa in a broader study examining the relationships in the Asian section
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Sphenanthera based on a cladistic analysis of restriction fragment length polymorphism 
(RFLP) data from the trnC-trnD region of the plastid. In a study focusing on the 
American section Knesebeckia, Badcock (1998) also extended her sampling to perform a 
preliminary estimate of the phylogeny of Begonia based on sequence data from the 
chloroplast trnC-trnD region (Fig. 2.1). Her sample of five African species (B. manii, B. 
salaziensis, B. meyeri-johannis, B. dregei, B. sutherlandu) gave the first indications of 
(1) the closer links between the East and South African species to Asian and American
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Figure 2.1 TrnC-trnD phylogeny of Begonia (from Forrest, 2000, based on Badcock,
1998). African species are denoted in black, Asian in green and American in blue.
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species, and (2) the polyphyly of the African section Mezierea. Unfortunately, both of 
these studies included a very restricted number of African species. In Tebbitt’s study 
only 33% (8/ 24 species) of the sampled species were African. In Badcock’s study the 
number of species was even lower with only 15% (5/32 species) of species originating in 
Africa.
The phylogenetic analyses of Begonia conducted by Forrest (2000) based on 
sequences from the internal transcribed spacer (ITS) (Fig. 2.2) and 26S regions of 
nrDNA, sampled 172 species of Begonia (41 African) across its entire geographic range, 
representing 40 of the 63 sections currently recognised. The ITS data indicated that both 
American and Asian species are monophyletic (although weakly supported), with the 
New Guinea genus Symbegonia deeply nested within the Asian clade and showing 
evolutionary affinities with species in section Petermannia (Klotzsch) A. D. C. In 
addition African species were non-monophyletic, with some seasonally adapted 
begonias from East and South Africa (sections Augustia and Peltaugustia) holding closer 
links to Asian and American species than to other African species. This last discovery, 
together with additional evidence demonstrating the polyphyly of section Mezierea, are 
two results that were presaged by the trnC-trnD analyses of Badcock (1998). The 
results from the separate ITS and 26S analyses in Forrest’s (2000) study, however, 
were noticeably different. The 26S results did not show the level of geographic 
clustering shown by the ITS data, particularly among American and Asian species. In 
addition, the 26S data resolved a number of African wet forest species (B . thomeana, B. 
dewildei, B. scapigera and B. iucunda) in a clade consisting of American, Asian and 
seasonally adapted African begonias rather than with other African wet forest and 
Malagasy begonias as did the ITS phylogeny. There are also two principal disparities 
between the plastid and nrDNA phylogenies. The first is a discordance between basal 
nodes, with the trnC-trnD data showing the species B. meyeri-johannis (presently in 
section Mezierea) as the basal branch in Begonia, whereas the accepted ITS phylogeny 
places B. meyeri-johannis as sister to the other fleshy-fruited and Malagasy begonias. 
This result is also reflected in the 26S phylogeny (Forrest, 2000).
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Figure 2.2 ITS phylogeny of Begonia (after Forrest, 2000). African species are 
denoted in black, Asian in green and American in blue.
The second discrepancy between the trnC-trnD and ITS phytogenies is that, like the 
26S data set, the trnC-trnD phylogeny does not support the monophyly of Asian and 
American species.
The disagreements observed between existent Begonia phylogenies can probably 
be attributed to differences in levels of sequence divergence between the different genetic 
loci, resulting in higher levels of alignment ambiguity where sequence divergence is high. 
In the ITS data matrix (Forrest, 2000) large portions of ITS 1 and ITS 2 are alignment 
ambiguous, and in fact over half the matrix shows problems in alignment. This contrasts 
with the alignment of 26S or trnC-trnD where the alignment of only small regions in the 
matrix could be variously interpreted and cause problems. The effects these alignment 
ambiguous regions in ITS have on the final topology are discussed further in the 
following chapter.
A comparison of the Begonia phylogenies presented in two previous studies, 
one based on ITS sequence data (Forrest, 2000) and the other on partial trnC-trnD 
sequences (Badcock, 1998), shows a notable disparity in species sampling, particularly 
among the basal nodes. Whereas the ITS phylogeny includes many Africa species, there 
is poor sampling for this continent in the trnC-trnD phylogeny. This study aims to test 
the phylogenetic hypothesis based on ITS sequences (Forrest, 2000) (Fig. 2.2) with an 
independent data set comparable to the trnC-trnD study (Badcock, 1998) incorporating 
a much broader sampling of African species. This will allow further investigation of 
species relationships among African Begonia, with the aim of interpreting the evolution 
of fleshy fruits, sectional monophyly and species-level biogeography.
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2.2 MATERIALS AND METHODS
2.2.1 Sampling and outgroup selection
Plant material was obtained from living collections at the Glasgow Botanic 
Garden and the Royal Botanic Garden Edinburgh, and from fieldwork carried out by 
myself in Cameroon with the support of the Royal Botanic Gardens Kew. Material 
from Madagascar and Sao Tome was received from field workers in those regions. Fifty- 
seven (approximately 36%) out of 158 African species of Begonia were sampled, 
representing 15 of the 16 sections found in Africa and Madagascar (see Appendix 1). 
Within sections the sampling was (sampled species/total number of species in section): 
Augustia (3/12), Baccabegonia (1/2), Cristasemen (1/1), Erminea (4/12), Filicibegonia 
(1/8), Loasibegonia (6/19), Mezierea (4/6), Nerviplacentaria (2/7), Peltaugustia (1/2), 
Quadrilobaria (5/19), Rostrobegonia (3/10), Scutobegonia (2/21), Sexalaria (1/1), 
Squamibegonia (3/3) and Tetraphila (19/30). American and Asian species were sampled 
as place-holders to test the monophyly of the African sections, in light of previous 
studies (Badcock, 1998; Forrest, 2000). A wide sample was taken from 15 different 
American and Asian sections, corresponding to those American and Asian species used 
to generate the 26S topology by Forrest (2000), with the aim of comparing the 26S, ITS 
and tmL data sets in the following chapter. Hillebrandia sandwicensis and Symbegonia 
sanguinea were included in the ingroup. Evidence from the chloroplast-encoded rbcL 
gene and nuclear 18S ribosomal DNA has shown that Begonia is monophyletic 
(Swensen et al., 1994; Swensen et al. 1998; Wagstaff & Dawson, 2000) and that it is 
therefore a suitable ingroup (Nixon & Carpenter, 1993). However, evidence from the 
internal transcribed spacer region (ITS) of nuclear ribosomal DNA (Forrest, 2000) has 
shown Symbegonia to be nested within Begonia, and it is therefore treated as part of the 
ingroup. The same studies have shown Datisca to be sister to the Begoniaceae and 
therefore, a suitable outgroup for rooting a phylogenetic analysis. Both known species 
of Datisca (.D. glomerata and D. cannabina) were therefore chosen as outgroups.
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2.2.2 Molecular methods
Total DNA extractions were carried out from silica-dried or fresh material, using 
a modified Doyle & Doyle (1987) CTAB protocol with the addition of 20 pi (in 980 pi 
of CTAB) of 10% DTT or 2-mercaptoethanol. Including a small amount of PVPP 
(polyvinylpolypyrrollidone) in the initial grinding process helped to remove secondary 
plant products such as polyphenolics, tannins and quinones. One or two discs of plant 
material were obtained using the top of a 1.5 ml Eppendorf tube as a cutter. The material 
was ground in 1.5 ml eppendorf tubes with acid-purified sand and then incubated in the 
1 ml modified CTAB buffer at 65°C for 30 minutes. The samples were then extracted 
twice with 200 pi of chloroform-isoamyl alcohol (24:1). After each addition of the 
chloroform-isoamyl alcohol the tubes were gently shaken to obtain a single phase and 
then centrifuged for 2 minutes at 13,000 rpm. After centrifuging, the aqueous upper 
phase was removed to a clean 1.5 ml Eppendorf tube. The DNA was then precipitated 
by adding 600 pi of ice-cold isopropanol for ca. 12 hours (overnight). The tubes were 
centrifuged for 2 minutes at 13,000 rpm to pellet the nucleic acid precipitate, and the 
pellet was washed in 1 ml of wash buffer (76% ethanol +10 mM NH4Ac). The final 
pellet was suspended in 100 pi of IX TE buffer (10 Mm Tris-HCl + 1 Mm EDTA). 
DNA presence was determined by electrophoresis running 5 pi of the sample on a 0.8% 
agarose for 30 minutes at 80V. When yield of total genomic DNA was insufficient using 
this method, three mini-extractions were carried out using the above CTAB protocol.
The final pellet was diluted in 100 pi of water rather than TE buffer and all three 
extractions were then combined into a DNEasy Plant Mini Kit extraction column 
(Qiagen) and the DNEasy extraction protocol was followed from step 4. DNA presence 
was determined as above.
PCR-amplification of the trnL intron and spacer used the universal primers tm-c 
(forward) and tm-d (reverse) and tm-e (forward) and tm-f (reverse) (Taberlet et al., 
1991). Amplification reactions which were made up to 50 pi contained 33 pi dH20 , 2.5 
pi 50 mM MgCl2, 5 pi 10X NH4 buffer (160 mM (NH4)2 S04, 670 mM tris-HCl (pH
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8.8 at 25°C), 0.1% Tween-20), 1.5 pi of each primer at a concentration of 10 pM, 5 pi 2 
mM dNTPs, 0.5 pi (2.5 units) of Biotaq DNA polymerase (Bioline), and 1 pi DNA.
The PCR amplification program for the trnL intron was: a single initial cycle of 94°C for 
3 minutes, followed by 30 cycles of 94°C for 1 minute (denaturation), 50°C for 30 
seconds (annealing), and 72°C for 1 minute (extension). The PCR products were cleaned 
using the QIAquick PCR Purification Kit columns (Qiagen) following the 
manufacturer’s protocol. Forward and reverse sequencing reactions of the purified PCR 
templates were made up to 10 pi and were performed with the Amersham Thermo 
Sequenase™ II dye terminator cycle sequencing premix kit. The reactions included 2 pi 
of the sequencing premix, 0.25 pi of the primer at a concentration of 10 pM, 6.75 pi of 
dH20 , and 1 pi (ca. 200 ng) of the PCR template. Sequence cycling parameters were 25 
cycles of 96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 minutes.
The forward and reverse sequences were obtained using an ABI (Applied 
Biosystems) Prism 377 automated DNA sequencer. The trnL-F intergenic spacer did 
not prove useful due to a mononucleotide (T) repeat at the 51 end affecting the reading of 
the rest of the sequence due to PCR slippage, and therefore only sequences from the 
trnL intron were used in this study. Sequences were checked using first Factura 
(Applied Biosystems) and then Sequence Navigator, and assembled using 
AutoAssembler 2.1 (Applied Biosystems). An initial alignment was carried out in 
Sequence Navigator using CLUSTAL. Further alignments were performed manually in 
PAUP* version 4.0b7 (Swofford, 2000). Strong sequence similarity for the trnL data 
made alignment by eye relatively straightforward (Appendix 2).
2.2.3 Phylogenetic analysis
Gaps inferred from the sequence alignment were coded according to the simple 
method described by Simmons & Ochoterena (2000) where gaps with shared 5' and 3' 
termini are coded as additional presence/absence characters. The region between base 
positions 374 and 434 was excluded from the analysis because of alignment ambiguity
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and the presence of a mononucleotide repeat (T) at the 5' end. Gaps present in single 
taxa were also coded to include gap autapomorphies in the final branch lengths.
An initial heuristic search involving a first round of swapping was carried out 
with the following parameters: 1000 random addition sequences, followed by TBR 
swapping, and not invoking either multrees or steepest descent. Random addition 
sequences are carried out to avoid parsimony islands. Not invoking multrees results in 
the saving of a single optimal tree per replicate, while not invoking steepest descent 
limits swapping to optimal trees only. The tree output from this first round of 
swapping was then fed as starting topologies into a second round of swapping, invoking 
steepest descent and multrees and saving 10,000 trees, which is considered to be 
sufficient to capture all topological variation (e.g. Sanderson & Doyle, 1993). To limit 
the number of trees found, the “collapse branches if minimum length is 0” option was 
invoked, collapsing branches in which there exists at least one most-parsimonious 
reconstruction for every character such that no length is assigned to the branch. A 
heuristic search was carried out using 1000 random addition sequences, followed by 
TBR swapping, invoking both multrees and steepest descent. This method gave the 
same strict consensus tree as when the “collapse branches if maximum length is 0” 
option was used, but with a significant reduction in tree number (12 most parsimonious 
trees). Therefore, this method, which is computationally more efficient, was used in 
subsequent analysis which tested the effects of different gap penalties. A sensitivity 
analysis (Whiting et al., 1997) was carried out to test the topological effects of gaps, in 
which gaps were treated as (a) a fifth state, (b) as missing, or (c) coded separately.
A ratchet analysis (Nixon, 1999b) was implemented in NONA (Goloboff, 1993) 
with the Windows interface Winclada (Nixon, 1999a) to determine whether a shorter 
tree could be found using a different tree searching approach. A ratchet analysis is an 
efficient method of surveying a wider tree space and of breaking islands by sampling 
many islands with fewer trees in each island (Giribet & Wheeler, 1999; Nixon, 1999b; 
Quicke et al., 2001) (Fig. 2.3). The ratchet analysis works by generating an initial tree on
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which some branch swapping (typically TBR) is performed. A random subset of 
characters is then selected and weighted (the weight is increased by 1 or more), followed 
by swapping on this weighted tree. One or a few optimal trees from this swap are kept. 
The weights are then set to the original default (generally all characters showing equal 
weights), followed by branch swapping on the current tree until an optimal tree is 
found. The modified parsimony ratchet method presented by Quicke et al. (2001) 
weighs characters which performed well in the initial branch swapping stage (those with 
high consistency and retention indices) rather than choosing random characters. The 
default for the parsimony ratchet in Winclada is to run 200 iterations. Commonly, this 
200-iteration cycle is repeated 50-100 times (D. Bailey, pers. comm., 2001). The results
YES
Perform TBR swapping
Perform TBR swapping
Rewight characters to original 
weights
Random additions with 
TBR swapping, holding 1 free
Are the frees shorter than 
previous searches with original 
weights
Increase weight o f  random 
set o f  characters by 1 or 
weight characters according to 
their performance in previous frees
NO
i
STOP
Save all trees
Figure 2.3 A flow chart showing the parsimony ratchet (after Quicke et al. 2001).
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from all 50-100 trials are pooled, and then filtered to retain only the optimal trees. Using 
character weighting to move through tree space allows movement among islands without 
losing all the information created during the swapping exercise on the initial tree, 
potentially generating shorter trees.
Branch support was investigated using 10,000 bootstrap replicates, keeping only 
one tree per random addition sequence and swapping with TBR, with both multrees and 
steepest descent switched off. The following criteria are used, in the text, for bootstrap 
support: 50-69% weak, 70-85% medium and 86-100% strong. Decay indices (Bremer,
1988) were calculated using AutoDecay version 4.0 (Eriksson, 1998) as an alternative 
method to test branch support.
To investigate the effects a non-parsimony approach would have on the final 
topology, a maximum likelihood analysis was carried out. Parsimony reconstructs 
phylogeny by minimising character state changes across the entire tree. In contrast 
maximum likelihood is model-based and calculates the likelihood of the observed data 
given a particular model of evolution. The evolutionary model which best fits the given 
trnL sequence data was calculated using Modeltest 3.06 (Posada & Krandall, 1998). The 
Akaike information criterion (AIC), which selects the best-fit model while imposing a 
penalty for unnecessary parameters, was TVM+G (TVM + T). This model is a 
transversional model with the assumption that substitution rates follow a gamma (T or 
G) distribution i.e. substitution rates are not equal. In a transversional model different 
empirical substitution rates are assumed for different transversions, and equal rates are 
assumed for transitions ((Rmat) = (0.5819 1.0057 0.1689 0.7470 1.0057)). In this model 
equal base frequencies were not assumed and were set to (Lset Base) = (0.4092 0.1484 
0.1638) and the fraction of invariable sites was (Pinvar) = 0. The gamma distribution 
was estimated to have a shape = 0.7960, where although most sites are invariable a few 
have very high rates of substitution. Searches were carried out using TBR.
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2.3 RESULTS
The length of the trnL intron ranged from 369 bp in B. baccata and species in 
section Squamibegonia to 535 bp in most other species. Begonia baccata (section 
Baccabegonia), and all three species in section Squamibegonia, share a large (231 bp) 
deletion. Uncorrected pairwise distance measures among the Begonia species sampled 
ranged from zero between species in section Squamibegonia (B. ampla, B. bonus- 
henricus, B. poculifera) to 0.073 (7.3%) between the American species B. convolvulacea 
and B. herbacea. In Africa, the highest divergence separated B. iucunda and B. 
annobonensis (6%). Sequence divergence may reach 6% among American species 
(excluding B. herbacea which shows high sequence divergence and a proportionately 
very long branch length in the topology) and only 2% between Asian species, explaining 
why Tebbitt (1997) concluded that the trnL region was not useful for phylogeny 
reconstruction.
The parsimony analysis of 129 informative characters yielded 10,000 trees of 
length 335, consistency index (Cl) of 0.776 (0.691 excluding uninformative characters) 
and retention index (RI) of 0.887. The strict consensus of these trees is shown in Figure 
2.4. TrnL intron sequences were useful for resolving sectional relationships, giving in 
addition finer resolution within sections, particularly among African species, but they 
proved unable to satisfactorily resolve basal relationships.
The parsimony ratchet analysis in NONA provided trees with the same length 
(335 steps), and the same strict consensus topology as the maximum parsimony 
analysis in PAUP. In this study the ratchet analysis in NONA performed equally to the 
maximum parsimony analysis in PAUP, and therefore as an alternative search strategy 
gives greater confidence to the matching result. The ratchet analysis is particularly 
valuable to test whether the shortest tree has been found using standard parsimony 
search strategies in PAUP.
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The single maximum likelihood tree was also identical to the strict consensus 
topologies generated by the maximum parsimony and ratchet analyses.
All trees resolve five main clades (Figs. 2.4 and 2.5). Section Mezierea is clearly 
non-monophyletic. The mainland species of this section, B. oxyloba and B. meyeri- 
johannis (Clade III), form a separate well supported (99% bootstrap) clade. The 
Malagasy and Mascarene species in section Mezierea (B. salaziensis and B. comorensis) 
form a well-supported clade (87%), nested within a strongly supported (86%) 
monophyletic Malagasy clade (Clade IV). All trees resolve section Erminea as 
monophyletic, all species of which have fleshy alate fruits, though their placement as 
sister to the rest of the Malagasy Begonia is poorly supported. Within Clade IV, there 
is a poorly supported (52%) clade consisting of species in sections Quadrilobaria and 
Nerviplacentaria. Morphologically, both sections are very similar, separated only by 
the presence of a wood-like stem in section Nerviplacentaria (Doorenbos et al., 1998).
All African mainland fleshy-fruited species, with the exception of the two 
species in section Mezierea, are a monophyletic group (Clade I). All species in this clade 
are also characterised by the presence of peltate scales on the leaves, stem and 
inflorescence, and epiphytic habit of most species (section Baccabegonia is terrestrial or 
rupestral, as are a few species in section Tetraphila). This clade is poorly supported 
(59%), but within it there is strong support (97%) for the sister relationship of B. 
baccata to a strongly monophyletic (86% bootstrap) section Squamibegonia. Most 
species in section Tetraphila form a moderately supported clade (74%). Begonia 
loranthoides, B. longipetiolata and B. eleaegnifolia, all currently placed in section 
Tetraphila, are not resolved with respect to the core Tetraphila clade or the 
Squamibegonia/Baccabegonia clade. They occur together in a well-supported clade 
(92%). These three species deviate notably in morphology from the typical Tetraphila 
species.
Clade V consists of the West and Central African terrestrial species of Begonia
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Figure 2.4 Strict consensus of a maximum of 10,000 trees generated from the heuristic 
search of trnL sequences using ACCTRAN optimisation. Begonia species in black are 
African, in green are Asian and in blue are American Numbers above the branches are 
bootstrap support values, those below are decay index values. The presence of fleshy 
fruits is mapped onto the cladogram with a solid black bar.
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Figure 2.5 One of 10,000 most parsimonious trees based on trnL sequence data, using 
ACCTRAN optimisation. Branch lengths include autapomorphies. Nodes which are not 
supported in the strict consensus are indicated by a short diagonal line. Begonia species 
in black are African, in green are Asian and in blue are American. Numbers above the 
branches are branch lengths. Clade numbers refer to those in Fig. 2.4.
with two frequently yellow tepals in male and female flowers. Sections Loasibegonia 
and Scutobegonia are both monophyletic (albeit weakly supported), despite the poor 
sampling of section Scutobegonia. Sister to this core clade is B. aspleniifolia (96% 
bootstrap), one of eight species in section Filicibegonia. Weakly to moderately 
supported, but sister to this clade, are B. iucunda, a species from the Western Congo 
(Bas-Congo and Kasai regions, Democratic Republic of Congo (Zaire)) which currently 
has not been assigned a section (but see Chapter 5) and B. thomeana, the only known 
species in section Cristasemen.
Whereas Clades I, III, IV and V are comprised of uniquely African or Malagasy 
species, Clade II (Fig. 2.4 and Fig. 2.6) is geographically mixed, showing that African 
begonias do not form a monophyletic group, a result that supports previous ITS 
sequence data (Forrest, 2000). Basal nodes within this group lack bootstrap support. 
African species found here are those with a general East and South African distribution. 
Begonia socotrana, an endemic species from Socotra (an island off the Horn of Africa), 
also occurs in this clade. All trees resolve a paraphyletic Rostrobegonia with respect to 
the monotypic section Sexalaria (B. annobonensis), albeit with weak bootstrap support 
(55%). Begonia annobonensis is distributed from Coastal Cameroon to the Gulf of 
Guinea islands. The Asian species B.fallax and B.floccifera are strongly supported as 
part of this African clade (98% bootstrap). Section Augustia is strongly monophyletic 
(85% bootstrap), and is nested within a clade containing Asian and African species. 
Similarly, B. socotrana is sister to the Asian species B. masoniana.
2.3.1 Sensitivity analysis
Treating gaps as a fifth state produces aberrant results in which Hillebrandia 
sandwicensis was nested within the fleshy-fruited species, as sister to the 
Baccabegonia/Squamibegonia clade (2.7a). Treating gaps longer than one position with a 
fifth state for each individual character position produces errors because the algorithm 
assumes adjacent gap characters are independent of each other, when the entire length of
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Figure 2.6 Magnified diagram of Clade II showing geographical distributions. One of 
10,000 most parsimonious trees based on trnL sequence data, using ACCTRAN 
optimisation. Branch lengths include autapomorphies. All nodes are retained in the strict 
consensus. Numbers above the branches are bootstrap values. Begonia species in black 
are African, green are Asian and blue are American.
the gap probably represents a single insertion or deletion event (Eemisse & Kluge,
1993). Species in the Baccabegonia/Squamibegonia group possess a 231 bp deletion, 
whereas Hillebrandia has a 226 bp deletion in a similar, but not identical, position. In 
this case the overlap of their long but differently positioned gaps is assumed to 
represent multiple shared evolutionary events rather than two unrelated events.
Treating gaps as missing in the absence of a gap matrix produced a strict 
consensus topology with significant structure except among numerous Asian and 
American species (Fig. 2.7b). Analysis of the gap matrix alone produced an unresolved 
bush, except among species in sections Tetraphila, Squamibegonia and Baccabegonia. 
The differences observed by removing the gap matrix, show that most of the informative 
characters in the trnL sequence data are provided by base substitutions, but indels are 
important in providing grouping information, particularly among Asian and American 
species.
2.4 DISCUSSION
2.4,1 The polyphyly o f section Mezierea and the evolution offleshy fruits in African 
Begonia
The results from the parsimony analysis of trnL sequence data show section 
Mezierea, all species of which have fleshy fruits, to be polyphyletic (Figs. 2.4 and 2.5). 
This confirms, with far greater sampling, previous indications from other molecular 
studies (Badcock, 1998; Forrest, 2000), and has great significance, both with respect to 
the evolution of fleshy fruits in Begonia and the long-held idea that the presence of 
fleshy fruits in Begonia is a unique synapomorphy.
Section Mezierea was last revised in 1994 (Klazenga et al., 1994) and is 
composed of six species; B. meyeri-johannis, B. oxyloba, B. comorensis, B. salaziensis,
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Figure 2.7 Strict consensus of a maximum of 10,000 trees generated from the heuristic 
search of trnL sequences when (a) gaps are treated as a fifth state and (b) gaps are 
treated as missing in the absence of a gap matrix.
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B. humbertii and B. seychellensis. Klazenga et al. (1994: 271) described the 
differentiating characters of the section: "Section Mezierea may be distinguished from all 
other sections by its placentation which is topographically parietal for more than 60% 
of the ovary. From sections Tetraphila and Baccabegonia it also differs by the 
indehiscence of the fruits and from section Squamibegonia by the absence of a perianth 
tube and the absence of bracts that envelop the inflorescence and persist in the 
infructescence." Most of its characteristics are absences of defining characters for other 
sections, which is often the symptom of a non-monophyletic group (Judd et al., 1999). 
Of all species in section Mezierea, the species B. meyeri-johannis has always been 
regarded as aberrant or unique within the section due to its lianescent habit, unisexual 
inflorescences, penta-locular ovary, five styles and possible dioecy. However, as a 
whole, section Mezierea is strongly heterogeneous. Begonia salaziensis and B. humbertii 
have female flowers with four tepals, whereas B. comorensis, B. oxyloba and B. 
seychellensis have female flowers with only two tepals, and B. meyeri-johannis can have 
two or four. In contrast, all species of section Tetraphila have four tepals and all 
members of section Squamibegonia have two.
Divisions observed in the section delimited using different morphological 
characters often conflict with each other, and none of them agree with the molecular 
results (Table 2.1). In the case of pollen morphology, specimens of B. pycnocaulis and 
B. cladocarpa, both now synonyms of B. oxyloba, possess different pollen types (van 
den Berg, 1984). It is no surprise, therefore, that although there is strong molecular 
evidence to separate the Malagasy and Mascarene species (B. comorensis and B. 
salaziensis) from the mainland and widespread African members (B. oxyloba and B. 
meyeri-johannis) of Mezierea, there are no morphological characters to justify this 
separation. Clades like this one, which are supported by molecular evidence but not by 
currently recognised morphological characters, are termed cryptic. Examples of cryptic 
clades have been found in Astragalus (Wojciechowski et al., 1993), Rhamnaceae 
(Richardson et al., 2000) and Andira (Pennington & Gemeinholzer, 2000). Begonia 
salaziensis is the type species of section Mezierea. If a new section were to be created it
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Table 2.1 Relationships in section Mezierea hypothesised from different morphological 
characters.
Pollen morphology 
(van den Berg, 1985)
Placentation 
(Reitsma, 1983)
General morphology 
and placentation 
(de Wilde & Arends, 
1989)
Seed morphology 
(de Lange & Bouman, 
1992)
B. comorensis-tvpe Subgroup Al Group 1 Group 1
B. comorensis B. oxyloba B. salaziensis B. meyeri-johannis
B. meyeri-johannis B. meyeri-johannis B. humbertii Group 2
B. seychellensis B. seychellensis Group2 B. salaziensis
B. cladocarpa B. meyeri-johannis Group 3
(= B. oxyloba) Group 3 B. humbertii
B. oxvloba-tvpe B. oxyloba Group 4
B. oxyloba B. comorensis B. oxyloba
B. pycnocaulis (= B. comorensis + B. seychellensis
(= B. oxyloba) B. seychellensis) B. comorensis
would have to accommodate B. oxyloba and B. meyeri-johannis. Both species are very 
different, one of the most obvious differences being the habit; B. oxyloba is an erect herb, 
whereas B. meyeri-johannis is lianescent. But B. meyeri-johannis also differs by its 
penta-locular ovaries, five styles and unisexual inflorescence (Klazenga et al., 1994). In 
order to create a section to accommodate these species detailed morphological studies 
need to be carried out to find morphological synapomorphies for this clade.
Based on pollen morphology (van den Berg, 1984) and placentation (Reitsma, 
1983; de Wilde & Arends, 1989) the fleshy-fruited African sections Mezierea,
Tetraphila, Baccabegonia and Squamibegonia have been considered the least derived 
within Begonia, with section Mezierea possessing the greatest number of primitive 
states. De Lange & Bouman (1991) agreed that, of the African sections possessing 
fleshy fruits, section Mezierea was the least derived, but strongly opposed the view that 
all fleshy-fruited African begonias represented a basal lineage within the genus. They 
proposed that the seed characters of these species, typically associated with zoochory,
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were derived within the genus, quite distinct from those associated with the wind- or 
water-dispersed seeds that are more common within the genus, and that are also found in 
Datiscaceae, sister family to Begoniaceae.
In her study primarily dedicated to the phylogenetic investigation of section 
Knesebeckia, Badcock (1998: 30) attempted to answer the question "Is Mezierea basal 
within Begonia and does it form a clade with sections Baccabegonia, Squamibegonia 
and Tetraphila?" Using both morphological data and sequence data from the plastid 
region trnC-trnD she concluded that a clade of B. meyeri-johannis, B. salaziensis and B. 
manii (all fleshy-fruited species) formed basal dichotomies with the rest of Begonia. In 
this hypothesis, fleshy fruits would have arisen early in Begonia, evolving from the 
leathery or dry unwinged capsules characteristic not only of the genus Hillebrandia , but 
also of Datisca, the outgroup genus. Alternatively, and more recently, in an ITS-based 
phylogeny of Begonia created by cladistic parsimony methods, the fleshy-fruited 
species appear derived, nested within a wing-fruited clade (Forrest, 2000).
The trnL topology gives no resolution at the deeper nodes in Begonia, and it is 
therefore impossible to give a clear answer to whether the fleshy-fruited species are 
basal in the genus. Even though the relationships between B. oxyloba and B. meyeri- 
johannis are unresolved with respect to other African clades, the remaining species in 
the section Mezierea (i.e. species occurring Madagascar and the Mascarenes) are 
certainly not basal as they are nested within a Malagasy clade. The trnL phylogeny 
indicates clearly that fleshy-fruits evolved at least twice in Africa, once on mainland 
Africa and once on Madagascar, and that therefore the presence of fleshy fruits in 
Begonia does not diagnose a single group (Fig. 2.8). The convergent evolution of fleshy 
fruits is a common phenomenon, and has been recorded in the Melastomataceae, where 
fleshy fruits have evolved three times (Clausing et al., 2000), or in the Rubiaceae, where 
fleshy fruits are believed to have arisen 12 independent times in different genera (Bremer 
& Eriksson, 1992).
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Figure 2.8 Phylogram obtained from parsimony analysis of trnL sequence data 
showing fleshy-fruited African species in red. Branch lengths include autapomorphies. 
Nodes which are not supported in the strict consensus are indicated by a short diagonal 
line. Numbers above the branches represent branch lengths.
Although a majority rule consensus shows that 74% of trees place B. meyeri- 
johannis plus B. oxyloba as sister to the rest of the genus, topologies showing this small 
clade as sister to the fleshy-fruited plus Malagasy species are present among the 
remaining trees. ITS data suggests that the plesiomorphic fruit-type of Begonia would 
have been winged (Forrest, 2000). Fruit-type optimisations are ambiguous for trnL, 
mirroring the conflicting evidence between ITS and trnC-trnD data. Unfortunately, the 
question as to the plesiomorphic fruit-type of Begonia remains unanswered.
It is significant that most fleshy-fruited species from mainland Africa are 
monophyletic (Clade 1, Fig. 2.4). Unlike species in section Mezierea which have an 
indumentum consisting of simple multicellular hairs, species in sections Tetraphila, 
Squamibegonia and Baccabegonia have a peltate, scale-like indumentum, and this is an 
important synapomorphy for the group. A more detailed assessment of this group, 
including a combined trnL, ITS and morphological phylogeny, is presented in Chapter 4.
As in the Melastomataceae, baccate fruits in Begonia are strongly associated 
with bird dispersal (Clausing et al., 2000), and in Begonia they are also closely 
associated with epiphytism (Fig. 2.8). It is possible that similar growth forms and 
habitats may have promoted independent origins of bird-adapted berries in African 
Begonia. It remains unclear whether epiphytism in African Begonia evolved subsequent 
to fleshy-fruits, or whether epiphytism and fleshy fruits evolved in tandem. The 
evolution of fleshy-fruits appears to be a good precursor of epiphytisms and it is 
tempting to hypothesise that if dispersed by birds the seeds of early fleshy-fruited 
begonias would have been deposited in the tree canopy, therefore possibly triggering an 
epiphytic habit.
2.4,2 Evolution o f  the West African yellow-flowered Begonia and related species
Clade V (Figs. 2.4 and 2.5) incorporates the hydrophilic, predominantly 
terrestrial, wing-fruited begonias, with two tepals in male and female flowers which are
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frequently yellow. They are also frequently rhizomatous in the case of Scutobegonia, 
Loasibegonia and Cristasemen. Although weakly sampled (particularly section 
Scutobegonia) there are some indications that both sections Scutobegonia and 
Loasibegonia could each be monophyletic. However, this interpretation conflicts with 
ITS data (Forrest, 2000) that show B. dewildei, of section Scutobegonia, nested within 
section Loasibegonia. As Sosef (1994) deduced from morphological affinities, section 
Filicibegonia is sister to Loasibegonia plus Scutobegonia. Filicibegonia shares 
similarities in the inflorescences and stigmas with these two other sections, and they all 
possess small seeds with large collar cells (de Lange & Bouman, 1991). Levels of 
endemism are higher among these species than they are among the fleshy-fruited species 
with similar distributions, and this has been ascribed to their poor dispersal mechanism, 
which probably occurs by wind or rain-splash (Sosef, 1994). Assuming that sections 
Loasibegonia and Scutobegonia are monophyletic as currently circumscribed, there is an 
increase in species richness in this clade, with the basal branches consisting of single 
species in monotypic sections (i.e. B. thomeana in section Cristasemen and B. iucunda), 
and a more species-rich derived group (section Filicibegonia and sections Loasibegonia 
and Scutobegonia). The solitary positions held by B. iucunda and B. thomeana are 
supported by their unusual morphology. Begonia thomeana is a climber, known from 
Sao Tome and Gabon. One of its most characteristic features, apart from its climbing 
habit, are its long, fusiform seeds. Similarly, B. iucunda, a species from the Western 
Congo (Bas-Congo and Kasai regions, Democratic Republic of Congo (Zaire)) has 
characteristic solitary flowers and a stoloniferous habit with an underground tuber, from 
which a rooted rhizome is produced that develops above the ground into a flowering 
upright stem. Whereas the branches in the more species-rich sections Filicibegonia, 
Scutobegonia and Loasibegonia are comparable to those of the fleshy-fruited or 
Malagasy species in Clades I and IV (Fig. 2.5), there is a substantial molecular distance 
between these species and B. iucunda and B. thomeana. This could reflect high 
extinction rates in a once widespread clade, followed by relatively recent speciation 
generating the diversity in Loasibegonia and Scutobegonia. Alternatively, the B. iucunda
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and B. thomeana lineages may have speciated less than those leading to Loasibegonia or 
Scutobegonia.
2.4.3 The phylogenetic position o f the East and South African begonias and 
questions regarding the monophyly o f Asian and American species
Clade II (Figs. 2.4 and 2.5) differs strongly from the other clades by the lack of 
large geographically monophyletic groups; rather African, Asian and American species 
are interdigitated (Fig. 2.6). Section Rostrobegonia is most closely related to an Indian 
clade, section Augustia to American species, and B. socotrana (section Peltaugustia) is 
sister to B. masoniana, an Asian species. Similarly, neither the American nor the Asian 
species taxa are monophyletic. This pattern contrasts strongly with findings based on 
ITS sequences of 174 American, Asian and African species, which suggested geography 
to be the prime indicator of species relationships and showed monophyly at the 
continental level for South American and Asian species (Forrest, 2000; Fig. 2.2). In her 
study the East and South African begonias (with the exception of B. socotrana) emerged 
as sister to an American/Asian clade in the case of species in section Augustia, or sister 
to all West and Central African and Malagasy species in the case of Rostrobegonia and 
Sexalaria. Asian and American species were split into two clades, one for each 
continent. Begonia socotrana resolved as sister to two Indian species, a clade which 
itself was sister to a larger Asian clade.
Patterns resembling those found in the trnL intron sequence based study 
presented here emerged from a phylogeny based on sequence data from part of the 
plastid tmC-tmD  region, where there was no clear association between phylogeny and 
geography (Badcock, 1998), and in a 26S nrDNA phylogeny (Forrest, 2000). The 26S 
phylogeny based on 35 Begonia species was generated to investigate deeper 
relationships within Begonia based on a slower evolving nuclear gene than ITS. 
Maximum parsimony analysis and maximum likelihood analyses of the 26S sequence 
data showed little geographic structure among the American and Asian species. Indeed,
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26S appeared to give an erroneous estimate of phylogeny, since many of the 
relationships shown are not corroborated by any other data set. Forrest (2000) then 
produced an ITS phylogeny of the same species as the 26S sampling. The results of the 
maximum likelihood analysis showed the same geographic structure seen in the more 
expanded sampling. Therefore, sampling density alone cannot be the cause of section 
Augustia nesting within an American/Asian clade in the plastid DNA studies. Reasons 
for this discrepancy between nrDNA and cpDNA phylogenies (discussed in greater 
detail in the following chapter) can include non-biological reasons such as differences in 
sampling, or biological reasons that include sequence rate heterogeneity, lineage sorting, 
chloroplast capture, hybridisation and introgression. The place-holder effect (Sytsma & 
Baum, 1996), where topologies vary according to the choice of place-holding taxa, may 
also be the reason for the incongruence in this clade between the chloroplast genes and 
ITS.
2.4.4 Implications for the taxonomy o f  sections Augustia, Rostrobegonia, Augustia 
and Sexalaria
The general assumption that geography is a good predictor of relationships in 
Begonia, led authors such as Doorenbos et al. (1998) to assume that sections Augustia, 
Rostrobegonia and Peltaugustia were closely related, prompting comments such as 
“[Section Rostrobegonia is] closely related to section Augustia and possibly identical 
with it.” (p. 178). But as can be seen in Fig. 2.4 this is not the case, and suggests 
morphological heterogeneity in these sections as currently circumscribed.
Species in sections Augustia, Rostrobegonia and Peltaugustia constitute only 
about 15% of all African species, but are very characteristic in their adaptation to more 
seasonal conditions such as those found in present-day East and South Africa afro- 
montane regions. Whereas the majority of these species occur in this region, one species 
in section Rostrobegonia, B. rostrata (not sampled), occurs in West and Central Africa, 
showing a clear geographical disjunction with other species in the section. Begonia
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annobonensis, in section Sexalaria, is known only from coastal Cameroon and the Gulf 
of Guinea islands, and is very similar to species in section Rostrobegonia. The tmL 
phylogeny (Fig. 2.6) shows B. annobonensis nested within section Rostrobegonia, 
which suggests the desirability of merging both sections. However, in the ITS 
phylogeny B. annobonensis is sister to section Rostrobegonia (Forrest, 2000), making a 
taxonomic decision without further evidence unwise.
The tmL sequence data give no evidence for the postulated close relationship 
between section Rostrobegonia and Augustia. It does, however, give evidence for a 
monophyletic Augustia and a monophyletic Rostrobegonia. This is not supported by 
studies in which broader sampling of these sections has been carried out. Forrest (2000) 
included B. sonderana (section Rostrobegonia) in her ITS study (there were problems 
amplifying the tmL intron for this species). This species clustered with species in 
section Augustia (B. homonyma, B. dregei and B. sutherlandii), indicating that neither 
section as currently defined is monophyletic. Partial ITS sequence data (T. McLellan, 
2000, pers. comm, in Forrest, 2000) confirm the current position of B. brevibracteata in 
section Augustia. M. Hughes (pers. comm., 2001) believes that section Rostrobegonia 
should only include B. engleri, B. johnstonii, B. rostrata and possibly B. annobonensis, 
which are species characterised by being annuals or short lived-fleshy-stemmed 
perennials, having serrate to crenate leaf margins, a tuft of hairs at the apex of the 
petiole, and lacking tubers or bulbils.
2,4,5 The monophyly o f Malagasy Begonia
TmL sequence data shows a monophyletic clade (Clade IV, Figs. 2.4 and 2.5) 
consisting of all endemic Malagasy species. This suggests a single dispersal event to 
Madagascar from mainland Africa and subsequent speciation on the island. Begonia 
oxyloba which is a widespread species also found on Madagascar is excluded from this 
clade and probably represents a later dispersal event to Madagascar. There are 
approximately 50 species of Begonia which are endemic to Madagascar or its associated
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islands (the Mascarenes, Comoros and Seychelles). In the revision of Begonia for the 
Flore de Madagascar et des Comores, Keraudren-Aymonin abstained from placing the 
Malagasy species into any of the sections existent at the time (1983). At present, there 
are four sections recognised in Madagascar: section Nerviplacentaria (7 species), section 
Quadrilobaria (19 species), section Muscibegonia (2 species) and section Erminea (12 
species). A few species such as B. bosseri or B. mangorensis have not been ascribed to 
any of the existing sections (Doorenbos et al., 1998). Section Erminea {B. 
betsimesaraka, B. nana, B. bogneri and B. sp. nov. 1 in Clade IV Figs. 2.4 and 2.5) is 
characterised by the presence of fleshy winged fruits, and this distinction is mirrored in 
the monophyly of this section in the tmL  phylogeny. In contrast, neither section 
Quadrilobaria nor Nerviplacentaria, both of which have dry winged fruits, are resolved 
as monophyletic (Clade IV, Fig. 2.4). Doorenbos et al. (1998) noted that the only 
probable difference between these two sections was the presence of a woody stem in 
section Nerviplacentaria. The possible lack of monophyly in these two Malagasy 
sections means that further work should be done to find the morphological characters, if 
present, that best mirror their phylogenetic relationships. This should be done in 
combination with broader sampling and the addition of nrDNA sequence data such as 
ITS. Doorenbos et al. (1998) highlighted similarities among sections Quadrilobaria, 
Rostrobegonia and Augustia, based on tepal number and caulescence, but there is no 
evidence from tmL for the close relationships between these sections.
2.4.6 Is Begonia the result o f  a rapid radiation?
The lack of resolution at the basal nodes of a molecular cladogram can be due to 
several reasons such as multiple substitutions at high divergence rates (Olmstead et al., 
1998; Cruickshank et al., 2001), a high taxon to character ratio (Cruickshank et al.,
2001), or a rapid radiation over a short period of time (Bateman, 1999; Cruickshank et 
al., 2001) that occurs faster than the genomic region used in phylogenetic analyses is 
evolving. Since both the tmL phylogeny presented here and phylogenies presented in 
other studies show either no resolution or resolution in the absence of significant
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bootstrap support, there is some indication that the major lineages of Begonia which led 
to the extant species arose during a very short period of time. However, it is also true 
that there is character conflict among the basal nodes leading to the lack of resolution. 
This is indicated by the basal polytomy found in the tmL  phylogeny being “soft” i.e. it 
is present in the strict consensus, but individual trees are resolved, although conflictingly 
at these nodes. Molecular branch lengths subtending species (or groups of species) of 
African Begonia and two American clades (one holding B. luxurians, B. lobata, B. 
angularis, B. ulmifolia and B. convolvulacea, and the other B. solananthera, B. 
herbacea, B. holtonis and B. obliqua; see Fig. 2.6) are particularly long, indicating faster 
evolutionary rates within these groups.
2.5 CONCLUSIONS
Using trnL sequence data to estimate phylogeny in African begonias gave well- 
supported and well-resolved sectional relationships, but the relationships between these 
clades, or basal nodes, were unresolved. Mainland fleshy-fruited species with peltate 
indumentum (comprising sections Baccabegonia, Squamibegonia and Tetraphila) are 
monophyletic. Species in the remaining fleshy-fruited section Mezierea possess an 
indumentum made up of simple hairs, and are not as closely related to other fleshy- 
fruited species as once thought. Section Mezierea is polyphyletic, with the Malagasy 
members of the section resolving within a monophyletic Malagasy clade. The terrestrial, 
2-tepaled, West and Central African yellow-flowered begonias and their related species 
also form a monophyletic clade, with the monotypic section Cristasemen and B. 
iucunda (see Chapter 5) holding a solitary, basal position. The predominantly East and 
South African sections species in Rostrobegonia, Augustia, Sexalaria and Peltaugustia 
show greater affinity with Asian and American begonias and are interdigitated among 
them. Therefore, the trnL phylogeny does not support previous findings which show all 
American and all Asian species to be monophyletic. The molecular phylogeny agrees, on 
the most part, with the sectional delimitation of African species based on morphology,
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although further work should be carried out to delimit boundaries between sections 
Augustia, Rostrobegonia and Sexalaria, between the Malagasy sections and within 
section Mezierea. The tmL  topology showed high levels of similarity with the 
phylogeny produced from ITS sequence data in the relationships between west and 
central African and Malagasy species. However, there are some notable incongruences 
among the basal nodes and among the relationships of American and Asian species. The 
following chapter examines these incongruences more carefully, to investigate whether 
the differences reflect underlying biological processes or are a product of phylogenetic 
estimation procedures.
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CHAPTER 3 Phylogenetic analysis of Afro-Malagasy Begonia based 
on combined nuclear ribosomal and chloroplast sequence data
3.1 INTRODUCTION
Incongruence between phylogenetic estimates from different data sets is a 
common occurrence and has therefore, been the topic of widespread discussion (for a 
recent review see Wendel & Doyle, 1998; Johnson & Soltis, 1998). As was noted in 
Chapter 2, analyses based on the trnL intron (present study) and ITS (Forrest, 2000) 
show some incongruence and little or no support for the basal nodes in the separate 
phylogenies. Determining whether this incongruence is due to "real” causes brought 
about by underlying biological mechanisms or "spurious" causes reflecting stochastic 
error in data generation and analysis can be difficult to assess, but is best achieved by 
studying the level of character and topological incongruence between data sets. In this 
chapter I investigate the root of the topological incongruence between tmL intron and 
ITS sequence data and determine whether a total evidence approach gives greater 
support to all clades, resolving basal relationships in Begonia, particularly among 
African clades. Since the basal relationships in the trnL intron phylogeny were 
unresolved, and those in the ITS phylogeny were poorly supported, it was hoped that a 
broader sampling of 26S (a relatively slowly evolving region) sequence data in 
combination with tmL and ITS data would further resolve these relationships.
3.2 CAUSES OF TOPOLOGICAL INCONGRUENCE AMONG 
PHYLOGENIES
There are two main causes for phylogenetic incongruence (differing topological 
patterns due to character conflict). Real causes which can underlie phylogenetic 
incongruence include convergent or rapid morphological evolution that cause
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discrepancies between morphological and molecular data (Bateman, 1999), rapid 
diversification, lineage sorting, and hybridisation and introgression (for review see 
Wendel & Doyle, 1998). The main spurious reasons can be accounted for by gene 
choice, sequencing error (although this is now much reduced) and taxon sampling (for 
review see Wendel & Doyle, 1998).
There is growing evidence that true heterogeneity produced by biological or 
“real” processes does occur (Riesberg & Soltis, 1991), although how common this 
heterogeneity is remains unclear. In African Begonia there is evidence of natural 
hybridisation in some species in sections Loasibegonia and Scutobegonia (Sosef, 1994). 
Hybridisation has also been recorded among Asian species of the genus (Peng & Cheng, 
1991; Teo & Kiew, 1999). Overall, given the number of Begonia species, there is little 
recorded evidence of hybridisation in the wild. In contrast, crossings of different species 
in artificial conditions, often between species from different continents, has been very 
successful, as is demonstrated by the vast number of hybrid cultivars in existence.
3.3 COMBINED OR SEPARATE DATA ANALYSIS?
The question of how to use different data sets in phylogenetic analyses has been 
the topic of heated discussion in the literature (for reviews see de Queiroz et al., 1995; 
Huelsenbeck et al., 1996). Three philosophies surround the topic of combining or 
segregating different data sets: (1) the combined or "total evidence" approach (Kluge,
1989), also termed "simultaneous analysis" (Nixon & Carpenter, 1996), (2) the 
consensus approach (Miyamoto & Fitch, 1995), also termed "separate analysis" 
(Huelsenbeck, et al., 1996) or "taxonomic congruence" (Eemisse & Kluge, 1993) and 
(3) the conditional combination approach (Bull et al., 1993; de Queiroz, 1993 or "prior 
agreement approach" (Chippindale & Wiens, 1994).
The combined “total evidence” approach states that the greater number of 
characters that are used in an analysis the higher the likelihood of the true tree being 
recovered or of increased support being found for specific relationships within the tree.
It argues that data should always be combined (Hillis, 1987; Kluge, 1989; Barrett et al., 
1991; Donoghue & Sanderson, 1992; Eemisse & Kluge, 1993; Kluge & Wolf, 1993).
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Unlike the consensus method (see below), which considers only taxonomic congruence, 
the total evidence method allows characters from different partitions (i.e. different data 
sets within a combined analysis) to interact with each other, resolving character conflict. 
When large numbers of characters are all combined, even if from different sources (i.e. 
morphology or different genes), then the total evidence approach should provide the 
best estimate of phylogeny, as the true phylogenetic signal will overcome misleading 
effects caused by biologically induced data partition heterogeneity (Chippindale & 
Wiens, 1994). Results of this process may, however, recover trees which are 
antagonistic to one or other of the data sets, and the approach fails to recognise 
discrepancies in the results of separate analysis of data sets which may due to biological 
(e.g. lineage sorting, chloroplast capture) rather than artificial reasons (e.g. stochastic 
error) (Johnson & Soltis, 1998). Therefore, combining data a priori leaves no space in 
which to explore phylogenetic signals resulting from independent data sets, and in 
essence denies the occurrence of natural events such as hybridisation, which can bring 
about this type of incongruence.
In contrast, the consensus method advocates that partitions should be analysed 
separately and that different phylogenetic estimates should be compared using 
taxonomic congruence: that is, creating a consensus of the most parsimonious trees 
resulting from the separate analyses (Miyamoto & Fitch, 1995). Advocates of this 
method were concerned that the total evidence approach, when combining a fast and a 
slow evolving gene, could lead to swamping of the phylogenetic signal from a slow 
gene by that from a faster gene because the latter provides far more characters 
(Miyamoto, 1985). The same scenario would occur with large and small data sets, for 
example the combination of molecular and morphological data, where the 
morphological matrix is generally comprised of a significantly smaller number of 
characters. However, phylogenetic signal observed in the resulting topology of a 
combined analysis is not necessarily correlated with the number of variable characters 
(as high levels of homoplasy can show), but rather to the pattern of character 
covariation (Gauthier et al., 1988). Eemisse & Kluge (1993:1172-3) summarised the 
main criticisms levelled against the consensus method; "(1) a consensus of different 
fundamental cladograms can be positively misleading; (2) the different data sets being 
analysed are equally weighted, but their constituent characters are unequally weighted 
when the sizes of the data sets differ; (3) there is no clear basis for achieving a
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consensus of suites of equally parsimonious, fundamental cladograms; and (4) 
partitioning evidence into classes is artificial because there is little reason to believe 
such categories are mind-independent categories with discoverable boundaries."
Consensus approaches are not commonly used because the resulting consensus 
topologies can show considerably lower levels of resolution than trees recovered from 
the separate analyses, and this method does not allow independent characters to interact 
with each other. Advocates of the total evidence approach disagree strongly with 
separate analyses because the notion of partitions is artificial (Barrett et al., 1991; 
Eemisse & Kluge, 1993). The main criticism of consensus methods is that they, as in 
the total evidence approach, do not attempt to determine whether the discrepancies 
between different phylogenetic estimates from difference partitions are the result of 
biological or stochastic events (Huelsenbeck et al., 1996). Furthermore, consensus 
methods aim to summarise congruence between different topologies irrespective of the 
support levels of shared clades (Chavarria & Carpenter, 1994).
The conditional combination approach is the most widespread method used to 
treat separate data sets (for examples of recent papers see Joy & Conn, 2001; Roalson et 
al., 2001; Simmons et al., 2001). This method employs statistical methods to determine 
whether or not phylogenetic estimates resulting from different data sets are congruent 
and whether data sets should be combined (Bull et al., 1993; de Queiroz, 1993; Rodrigo, 
1993). This approach resembles the total evidence approach except that when the data 
are shown to be significantly incongruent, combining them is not advised (Huelsenbeck, 
1996). This method allows for the exploration of different data sets, and room to 
investigate the cause of topological incongruences when present. In addition, it ensures 
the combination of data sets that are not significantly incongruent (Johnson & Soltis, 
1998). This method, however, raises the question of measuring levels of agreement 
between different topologies. Numerous statistical and other methods have been 
proposed to measure incongruence and determine when incongruence is "significant" 
(reviewed by Johnson & Soltis, 1998). Dependence on a statistical value may simply 
give quantitative justification to something that is inherently apparent from the 
topologies, therefore a statistical value alone may be insufficient to determine whether 
or not to combine data sets (Johnson & Soltis, 1998). Fundamentally, the 5% (P = 0.05) 
threshold in congruence tests such as the incongruence length difference test (ILD,
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Farris et al., 1994) at which to reject the null hypothesis is an arbitrary value and 
therefore should be interpreted with care, especially in borderline cases. However, if 
statistical tests show overwhelming support or rejection for data combination this can be 
useful in deciding whether or not to combine data.
Evaluating the level of incongruence by the degree of support of respective 
clades is a commonly used non-statistical (or qualitative) method (Seelanen et al., 1997; 
Eldenas & Linder, 2000; Richardson et al., 2000). De Queiroz (1993) was the first 
author to suggest that bootstrap values for clades could form the basis for the 
combination of data partitions. Seelanen et al. (1997) used clade support as a 
heterogeneity test, coining the terms “soft incongruence” and “hard incongruence”. Soft 
incongruence reflects conflicting taxon positions or clades with low bootstrap support.
In these cases data combination is recommended. Data combination should not be 
considered in the face of “hard incongruence”, when alternative phylogenetic 
hypotheses are well-supported by high bootstrap values.
The conditional combination approach was used in this study to treat multiple 
data sets. Levels of incongruence were examined using both Farris et al.’s (1994) 
incongruence length difference (ILD) test (the most commonly used statistic) and the 
degree of bootstrap support for particular clades. The ILD is termed the partition 
homogeneity test in PAUP (Swofford, 2000).
3.4 METHODS
3.4.1 Sampling and molecular methods
The overall aim of taxon sampling in this study was to produce an even sample 
of African Begonia species sequenced for trnL, ITS and 26S (Appendix 1). The tmL 
intron sequences used were the same as those in Chapter 2. The choice of non-African 
placeholder species in the trnL matrix was guided by species sequenced for 26S by 
Forrest (2000). A proportion of the ITS and 26S sequences were obtained from Forrest 
(2000). Seventeen species (mostly from Madagascar or fleshy-fruited mainland African 
species) which were present in the trnL data set but absent from Forrest's (2000) ITS
45
data set were sequenced for ITS. Similarly, 14 species that were present in the trnL data 
set but absent from the 26S data set were sequenced for 26S. Outgroups were selected 
as in Chapter 2 (Datisca cannabina and D. glomeratd). Symbegonia sanguinea and 
Hillebrandia sandwicensis were treated as part of the ingroup.
Primers used for amplification of ITS1/ITS2 were AB101 and AB102 (Sun et 
al., 1994). Part of the 26S region was amplified using primers p71 and p81 (Oxelman & 
Liden, 1995). Sequencing methods used in this study were like those described in 
Chapter 2 and are not described in detail here. Amplification reactions were made up to 
50 pi: each contained 33 pi dt^O , 2.5 pi 50 mM MgCb, 5 pi 1 OX NH4  buffer (160 mM 
(NH4 ) 2  S04) 670 mM tris-HCl (pH 8 . 8  at 25°C), 0.1% Tween-20), 1.5 pi of each primer 
at a concentration of 10 pM, 5 pi 2mM dNTPs, 0.5 pi (2.5 units) of Biotaq DNA 
polymerase (Bioline), and 1 pi DNA. The PCR program for ITS included an initial 
cycle at 94°C for 3 minutes, 30 cycles of 94°C for 1 minute, 55°C for 1 minute and 72°C 
for 1 minute 30 seconds, and a final single cycle at 72°C for 5 minutes. The PCR 
program for 26S involved an initial denaturing step at 95°C for 4 minutes followed by 
30 cycles of 95°C for 30 seconds, 57°C for 1 minute and 72°C for 2 minutes, and a final 
extension cycle of 72°C for 7 minutes. The PCR products were cleaned using the 
QIAquick PCR Purification Kit columns (Qiagen) following the manufacturer's 
suggested protocol.
Forward and reverse sequencing reactions of the purified PCR templates were 
made up to 10 pi and were performed with the Amersham Thermo Sequenase™ II dye 
terminator cycle sequencing premix kit. The reactions included 2 pi of the sequencing 
premix, 0.25 pi of the primer at a concentration of 10 pM, 6.75 pi of dH2 0 , and 1 pi 
(ca. 200 ng of DNA) of the PCR template. Sequence cycling parameters were 25 cycles 
of 96°C for 10 seconds, 50°C for 5 seconds, and 60°C for 4 minutes. The forward and 
reverse sequences were obtained using an ABI (Applied Biosystems) Prism 377 
automated DNA sequencer. Sequences were checked using Factura (Applied 
Biosystems) and assembled using AutoAssembler 2.1 (Applied Biosystems).
Problems in the form of sequence polymorphism have been previously found 
when amplifying ITS in several Begonia species but when cloning was carried out and 
analysed all copies clustered together in the same clade (Forrest, 2000). This problem
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was not widespread among the species sequenced here. Although there is high sequence 
divergence of this region at the section level (Forrest, 2000), divergence between 
closely related species is low.
3.4.2 Phylogenetic analyses
The same tmL intron alignment presented in Chapter 2 was used. ITS sequences 
generated in this study were added to the alignment presented by Forrest (2000). An 
attempt was made to realign the entire ITS matrix using CLUSTAL with subsequent 
manual alignment in PAUP* version 4.0b7 (Swofford, 2000). However, the CLUSTAL 
alignment was much worse than Forrest's (2000) alignment, and it was finally decided 
to use Forrest's alignment as a template to which sequences were added and small 
alignment readjustments made by eye. High rates of sequence divergence in parts of the 
ITS data set rendered large parts of the ITS1 and ITS2 alignment-ambiguous. Although 
alignment was straightforward among closely related species (e.g. those in section 
Tetraphila), there were alignment problems and therefore severe problems of character 
definition in a large part of this region between less closely related species (e.g. between 
species in section Tetraphila and species in section Mezierea). To investigate the effects 
these regions have on the topology, sensitivity analyses (Whiting et al., 1997) were 
carried out by both including and excluding these regions. The following characters 
were then excluded from the analyses: 697-856, 893-894, 902-910, 921-929, 951-997, 
1174-1340, 1369-1372, 1394-1398, 1410-1415, 1436-1444, 1456-1513 and 
1519-1576. The alignment-ambiguous region 374-434 of trnL was also excluded from 
all analyses as in Chapter 2. Forrest's 26S alignment was used and subsequent species 
added and aligned by eye. The alignment-ambiguous regions 1768-1771 and 
1893-1896 were excluded from the 26S analysis.
Two matrices were created with different numbers of coded taxa: (1) YIS-tmL  
(Appendix 3); and (2) lTS-trnL-26S (Appendix 4). Seventy-seven ITS and tmL intron 
sequences were available for the same species (i.e. representing the same accessions). 
There were, however, only 48 26S sequences available, so the trnL and ITS matrices 
had to be culled, so that all matrices had identical terminal taxa, prior to a combined 
analysis with the 26S data.
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In all analyses, an initial heuristic search involving a first round of branch 
swapping was carried out using the following parameters: 1000 random addition 
sequences (to prevent tree searches being trapped in local optima), followed by TBR 
swapping, and not invoking either multrees or steepest descent. Not invoking multrees 
results in the saving of a single optimal tree per replicate, while not invoking steepest 
descent limits swapping to optimal trees only. The tree output from this first round of 
swapping was then fed as starting topologies into a second round of swapping, invoking 
steepest descent and multrees and saving a total of 5000 trees.
Branch support was investigated using 10,000 bootstrap replicates, keeping only 
one tree per random addition sequence and swapping with TBR, with both multrees and 
steepest descent switched off.
To test congruence between the ITS, trnL and 26S data sets an ILD test was 
carried out, as implemented in PAUP* version 4.0b7. This test is based in random 
repartitioning of the combined data, where in this case the trnL, 26S and ITS matrices 
are considered as partitions of the combined data set. The null hypothesis would expect 
characters that give phylogenetic information to be randomly distributed between data 
sets. Random partitions are then carried out to test whether these provide distance 
values less than the distance between the original partition tests. To reject the null 
hypothesis (i.e. to accept incongruence between data sets) the type I error rate is 
commonly set at 5%, therefore when P < 0.05 we can reject the null hypothesis and 
assume that the data sets are significantly incongruent (Johnson & Soltis, 1998). 
Congruence was also subjectively assessed by observing congruence with respect to 
support values for separate clades (Seelanen et al., 1997; Eldenas & Linder, 2000; 
Richardson et al., 2000).
3.5 RESULTS
Table 3.1 shows the results from both the separate and combined analyses. Over 
half of the ITS characters were removed from the analysis when alignment-ambiguous 
regions were excluded, and the number of informative characters was quartered, thus 
approximating the number obtained from the more readily aligned trnL data.
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3.5.1 trnL intron data set
Uncorrected pairwise differences for the tmL  intron ranged from zero between 
B. bonus-henricus and B. poculifera, B. preusii and B. capillipes, B. furfuracea and B. 
capillipes, and B. furfuracea and B. preusii, to 0.065 between B. duncan-thomasii and 
B. herbacea. The 77 taxon trnL intron matrix had a total of 611 characters, of which 120 
were parsimony informative. The heuristic search produced 5000 most parsimonious 
trees (the maximum permitted to accumulate) with a length of 320 steps, Cl of 0.784 
and RI of 0.884. Figure 3.1 shows the strict consensus of all most-parsimonious trees. 
The analysis of the trnL sequence data gave the same strict consensus topology (Fig.
3.1) as that produced in the full trnL analysis in Chapter 2 (Figs. 2.1 and 2.2), even 
though fewer species were sampled (77 as opposed to 84). Although relationships 
among basal nodes were poorly resolved, all 5000 most parsimonious trees agreed on 
four major clades. Clade 1 (Fig. 3.1) comprises the mainland African fleshy-fruited 
species with the exclusion of B. meyeri-johannis (section Mezierea); it consists of 
sections Baccabegonia, Squamibegonia and Tetraphila. All sampled endemic Malagasy 
species are monophyletic in Clade 2 (Fig. 3.1). This is particularly relevant to species 
currently included in section Mezierea (B. salaziensis, B. comorensis and B. meyeri- 
johannis). As discussed in the previous chapter, there is now strong evidence that this 
section is not monophyletic. Clade 3 (Fig. 3.1) includes sections Loasibegonia, 
Scutobegonia, Filicibegonia and Cristasemen, together with B. iucunda; this group 
consists of West and Central African terrestrial, hydrophytic begonias, possessing 
winged fruits and (in most species) yellow flowers.
The species adapted to more seasonal habitats of eastern and southern Africa or 
coastal regions of West and West Central Africa (sections Rostrobegonia,
Augustia,Sexalaria and Peltaugustia) are more closely related to American and Asian 
species than they are to other African begonias, as is demonstrated by Clade 4 (Fig.
3.1). The African B. annobonensis, the single species in section Sexalaria, is nested 
within section Rostrobegonia, suggesting the possibility of amalgamating these two 
sections.
For the trnL phylogeny, major groups with strong bootstrap support are the 
Malagasy clade (Clade 2) (91%), the monophyletic section Squamibegonia (87%), the
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Figure 3.1 Strict consensus of 5000 most parsimonious trees of 320 steps produced by 
maximum parsimony analysis of trnL intron data (77 taxon matrix). Numbers above the 
branches are bootstrap values. African species are black, Asian are green and American 
are blue.
sister relationship of B. baccata to this clade (97%), the monophyly of sections 
Rostrobegonia + Sexalaria (98%), and several groupings within Clade 4. Overall, 
bootstrap values are moderate to low in many cases, due to short branch lengths and low 
levels of sequence divergence.
Analysis of the 48 taxon trnL sequence matrix gave very similar results in terms 
of topology and bootstrap support for particular clades (Fig. 3.3a) as the 77 taxon 
matrix. The analysis yielded 455 trees of length 254 steps, Cl of 0.807 and RI of 0.854.
3.5.2 IT S  data set
Uncorrected pairwise differences for ITS ranged from zero between B. 
cavallyensis, B. subscutata and B. oxyanthera and 0.22 between B. floccifera and B. 
herbacea. A heuristic search of the 77 taxon ITS data set gave variable results, 
depending primarily on whether or not alignment-ambiguous areas were included.
When these ambiguous regions were included a heuristic search yielded only nine most 
parsimonious trees of length 3187 steps. The Cl of 0.432 and RI 0.715 show that 
although characters are highly homoplasious they do give grouping information. The 
strict consensus of all nine trees (Fig. 3.2a) gave the same result as the ITS strict 
consensus topology presented by Forrest (2000) in which her alignment-ambiguous 
regions were removed, even though sampling in the present study was much lower (77 
as opposed to 177 coded species). The similarities and differences between Forrest's ITS 
phylogeny and the trnL phylogeny were discussed in Chapter 2. However, comparison 
of Figs. 3.1 and 3.2a show that both trees agree on a monophyletic Malagasy clade 
(including all Malagasy endemics) (Clade 2) and a clade consisting of the West and 
Central African yellow-flowered begonias and affiliated species (Clade 3). The 
positions of B. iucunda and B. thomeana are reversed in Clade 3. The ITS phylogeny 
gives better resolution of the fleshy-fruited species in Clade 1 and much greater 
bootstrap support (100%). In addition, in Clade 1, B. loranthoides and B. longipetiolata, 
two species in section Tetraphila, show closer relationships to sections Squamibegonia 
and Baccabegonia than to other species in section Tetraphila. This relationship is well- 
supported by a bootstrap value of 98%. Although trnL alone could not resolve the 
position of B. meyeri-johannis, this analysis places it as sister to all Central, West 
African and endemic Malagasy species (Clades 1, 2 and 3 collectively). Basal nodes are
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Figure 3.2 Strict consensus of trees produced from a maximum parsimony analysis of 
the 77 taxon ITS data in which (a) ambiguous regions were included in the analysis, and 
(b) ambiguous regions were excluded from the analysis. Numbers above the branches 
represent bootstrap support values. African species are black, Asian in green and 
American in blue.
poorly supported. Species in sections Rostrobegonia and Sexalaria {B. engleri, B. 
johnstonii and B. annobonensis) are shown as sister to the rest of Begonia, although this 
lacks high bootstrap support and strongly contrasts with the placement of these taxa in 
Clade 4 of the tmL tree (Fig. 3.1). Finally, there is a strong geographic element to the 
monophyly of the American and Asian species (Fig. 3.2a), a pattern seen in Forrest's 
(2000) phylogeny but not corroborated by the trnL phylogeny (Fig. 3.1) or the ITS 
phylogeny where ambiguous alignment regions were excluded (Fig. 3.2b).
Removing ambiguous regions left 401 characters, of which 142 were parsimony 
informative. This ITS alignment yielded 5000+ most parsimonious trees of length 740 
(over four times shorter than when ambiguous regions were included). The Cl for these 
trees was 0.478 and the RI was 0.713, showing that removing the ambiguous regions 
did not affect the overall Cl and RI values, and therefore the overall degree of 
homoplasy. Figure 3.2b shows the strict consensus for these trees. Clades 1, 2 and 3 
comprise the same species as in the equivalent clades in Figure 3.2a, albeit with less 
resolution among them. The relationships among and between American, Asian, and 
East and South African begonias in Clade 4 were most affected by removing ambiguous 
regions (Fig. 3.2a), and completely collapsed (Fig. 3.2b). Due to the uncertainty in 
terms of character definition, ambiguous regions were excluded from all the remaining 
analyses.
A heuristic search of the 48 taxon ITS matrix (in which ambiguous regions were 
excluded) produced a considerably different consensus topology (Fig. 3.3b), although 
differences with the 77 taxon analysis are among the basal nodes that have no bootstrap 
support. The analysis yielded 560 trees of length 535, a Cl value of 0.525 and RI of 
0.681. Unlike the trnL sequence data, the analyses showed ITS sequence data to be 
sensitive to taxon sampling. This may be caused by severe alignment ambiguities 
brought about by highly divergent sequences in ITS. Forrest's (2000) results, showed 
significant topological differences between strict consensus topologies from 177 taxon 
and 38 taxon parsimony analyses. There were also contrasting results between Forrest’s
(2000) parsimony and maximum likelihood analyses, with the maximum likelihood 
analysis showing results more comparable with the trnL intron results. Maximum 
likelihood methods are known to correct for super-imposed substitutions (Doyle & 
Davis, 1998), and this is probably the reason for the effects seen in the different
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analyses. Sequence divergence for ITS between distantly related species of Begonia is 
so high, that super-imposed substitution seems likely. Removing the ambiguous regions 
in conjunction with lower sampling shows serious effects on results. Whereas most of 
the African clades are comprised of the same species, the structure of the backbone in 
this culled ITS phylogeny has no equivalent or support in any other analysis. Analysis 
of sequences with high levels of homoplasy may be more sensitive to taxon sampling 
than sequences from regions with lower levels of homoplasy (as is the case for trnL 
intron in this study). Clearly, ITS is evolving so quickly that it is at the limit of its 
usefulness for resolving relationships across all Begonia species.
3.5.3 26S data set
Uncorrected pairwise differences ranged from zero between B. molleri, B. 
capillipes andB. ebolowensis to 0.17 between/), cannabina andB. baccata. The 
greatest difference within the ingroup was 0.15 between B. baccata and B. 
betsimisaraka. Of the 490 characters included, 75 were parsimony informative. A 
heuristic search on the 48 taxon 26S data matrix yielded 5000+ most parsimonious 
trees, with Cl 0.691 and RI 0.833. Figure 3.3c shows the strict consensus for these trees. 
All trees agree on a well-supported (80%) monophyletic fleshy-fruited clade including 
species in sections Squamibegonia, Baccabegonia and Tetraphila (Clade 1, Fig. 3.3). 
The endemic Malagasy species form the well-supported (76%) Clade 2. Begonia 
meyeri-johannis is situated as sister to the Malagasy species in a well-supported 
relationship (86%) not resolved by ITS or trnL. In addition, the fleshy-fruited species in 
Clade 1 are sister to the Malagasy species plus B. meyeri-johannis; although the 
relevant bootstrap values are low, this relationship is mirrored in the ITS phylogeny 
when ambiguous regions are included. The rest of the tree is a polytomy with small, 
moderately supported groupings among the placeholder taxa. Some relationships 
recovered by the 26S data are in the basal nodes, which are poorly resolved by both ITS 
and trnL alone.
3.5.4 Congruence tests
ILD tests were carried out for the 77 taxon ITS and trnL matrices and for the 48 
taxon ITS, trnL and 26S matrices. The partition homogeneity test between the trnL and
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ITS 77 taxon data sets gave a value of P = 0.107 (not significant) when the ambiguous 
regions were included and P = 0.074 when they were removed. The partition 
homogeneity test results for the 48 taxon matrix including ITS, trnL and 26S are as 
follows: 26S vs. ITS, P = 0.126 (not significant); 26S vs. trnL, P = 0.011 (significant); 
and trnL vs. ITS, P = 0.339 (not significant). Whereas there is statistically no significant 
incongruence between the 26S and ITS and between trnL and ITS, there is significant 
incongruence between the 26S and trnL data sets. If there is no significant incongruence 
between 26S and trnL and between trnL and ITS, logically there should not be any 
significant incongruence between 26S and trnL. This inference, is not however, 
suggested by the P value of 0.011. The 26S region of the nrDNA is upstream from the 
ITS tandem repeat region, forming part of the same locus and should therefore track the 
same evolutionary history as ITS, as they are unlikely to be affected by recombination. 
Given this discrepancy between P values, and the fact that incongruences between the 
three different gene topologies are poorly supported, it seems reasonable to combine all 
three data sets.
3.5.5 Combined data sets
3.5.5.1 ITS and trnL
The 77 taxon matrix of combined trnL and ITS sequences contained 1012 
characters, of which 262 were parsimony informative. Cladistic analysis excluding 
alignment-ambiguous regions of ITS, yielded 5000+ most parsimonious trees of length 
1084, Cl of 0.558 and RI of 0.753. The strict consensus tree (Fig. 3.4) shows the same 
topological pattern as for the trnL data alone, but with little resolution in Clade 4 where 
most of the conflict between the data sets resides. Unfortunately, data combination 
cannot resolve basal nodes and therefore gives little information on the relationships 
among the major clades. This could have occurred because there are still not enough 
characters to resolve these nodes, or ITS may not be useful at this taxonomic level and 
regularly disagrees with trnL. Bootstrap values are better than those from the trnL 
analysis, giving increased support values for the major clades, particularly Clade 1 
(56% bootstrap in the trnL only topology and 93% in the combined topology) and Clade 
4 (no support in the trnL topology and 62% in the combined topology).
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Figure 3.4 Consensus tree of 5000 most parsimonious trees produced by maximum 
parsimony analysis of combined trnL intron and ITS data where alignment-ambiguous 
regions have been excluded from the analysis. Values above branches represent 
bootstrap support. African species are in bold, Asian in green and American in blue.
Figure 3.5 shows a randomly selected most parsimonious tree. Branch lengths 
vary greatly in different major clades. Clades 1 and 2 (the fleshy-fruited begonias and 
Malagasy begonias, respectively) have uniform branch lengths from the more basal to 
the more derived species. Clade 3, comprising the yellow flowered begonias and their 
allies, shows an unbalanced topology with long branches at the base and shorter 
branches towards the apex. However, branch lengths are on average longer in this clade 
than in the other two African clades. Clade 4 is very variable in branch length which 
could be a reflection of sampling artefact since the greatest diversity of begonias occur 
in America and Asia and if entirely sampled this clade would encompass about 1200 
species. Alternatively, accelerated molecular rates may have caused species to exhibit 
long branch lengths.
3.5.5.2 ITS. trnL and 26S
The 48 taxon matrix, which combined ITS, trnL and 26S sequences, had 1502 
characters of which 295 (19.7%) were parsimony informative. The heuristic search 
yielded 150 most parsimonious trees of length 1093, Cl of 0.62 and RI of 0.74. The 
combination of 26S, trnL intron and ITS sequences was able to resolve basal 
relationships within Begonia, particularly among the African species (Fig. 3.6). 
Although bootstrap support values are only moderately significant for these basal 
relationships, this is a significant advance from the general polytomies or entirely 
unsupported relationships which have resulted from the analysis of ITS and trnL 
sequences alone. In the combined analysis, B. meyeri-johannis, which showed an 
unresolved position in previous studies is sister to the endemic Malagasy taxa. As seen 
in the separate analyses, the endemic Malagasy taxa are monophyletic including B. 
salaziensis and B. comorensis (Clade 2, Fig. 3.6). Because of their fleshy fruits, these 
two species belonging to section Mezierea were never hypothesised to have close 
relationships with other Malagasy taxa, all of which have winged fruits. This Malagasy 
+ B. meyeri-johannis clade is sister to the fleshy-fruited African Begonia clade (Clade 
1). The mainland African, yellow-flowered Begonia and related taxa (sections 
Loasibegonia, Scutobegonia, Cristasemen, Filicibegonia and B. iucunda) are also 
monophyletic (Clade 3), as seen in previous studies and in the single-gene analyses; 
however, they are together sister to a fleshy-fruited plus Malagasy clade. The East and 
South African begonias join a poorly resolved clade with American and Asian species
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Figure 3.5 One of 5000 most parsimonious trees produced by a maximum parsimony 
analysis of combined trnL intron and ITS data. Values above the branches represent 
branch lengths. Black circles are the nodes that are retained in the strict consensus. 
Section names are in parentheses. Species which occur in Africa are in black, Asia in 
green and America in blue.
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Figure 3.6 Strict consensus of 150 trees generated by the maximum parsimony analysis 
of the 48 taxon combined trnL, ITS, and 26S matrix. Values above the branches 
represent bootstrap support. Presence of fleshy fruits is mapped across the tree. Species 
which occur in Africa are in black, Asia in green and America in blue.
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(Clade 4); the close relationships between this group of African begonias and American 
and Asian species corroborates earlier findings and the single-gene analyses.
3.5.6 Molecular evolution
Figure 3.7 charts the number of steps per character optimised on a single most 
parsimonious tree from the combined 26S, trnL and ITS analysis. The trnL intron has an 
even distribution of substitutions along its entire length with variable characters 
changing a maximum of six times. In contrast, ITS1 and ITS2 positions change a 
maximum of 14 times. This indication of high levels of homoplasy is widespread 
throughout the entire ITS region except in the conserved 5.8S gene. Although most 
characters in 26S show low levels of homoplasy, a few sites change at a similar rate to 
ITS, up to a maximum of 12 times. The differences in levels of homoplasy between the 
data sets can clearly be seen in Figure 3.8, where ITS has a greater number of characters 
with more steps. On average the number of changes per site (tree length divided by 
number of variable positions) is 2.7 for trnL, 5.2 for ITS, and 3.59 for 26S.
3.6 DISCUSSION
3.6.1 The value o f different genes for phytogeny reconstruction in Begonia
The ITS region had a maximum divergence of 33% within ingroup taxa and 
37% between ingroup and outgroup species. Removing the highly conserved 5.8S 
region from the calculation gives a maximum 49% divergence between ingroup and 
outgroup species and a maximum 47% between ingroup species. This high level of 
variation makes homology assessment and character definition by sequence alignment 
in large parts of the ITS1 and ITS2 regions virtually impossible. Homoplasy and 
alignment ambiguities can be the primary cause of phylogenetic noise (Lake, 1991). 
Therefore, the high rate of molecular evolution of ITS, compounded by a complex 
secondary structure, means we could expect phylogenetic signal to be obscured by 
homoplasy (Wendel & Doyle, 1998), with long branch attraction (Felsenstein, 1978) as 
one likely expression of this homoplasy. Nonetheless, ITS does provide phylogenetic 
signal, and many of the relationships, particularly among African species, uncovered by
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the ITS data have been corroborated here by cpDNA (trnL intron) sequence data. It 
should, however, be emphasised that we can only be confident that some signal is 
emerging from ITS because it is congruent with results from sequences (trnL, 26S) 
where sequence alignment and character definition is unambiguous.
Forrest (2000) mostly excluded small gapped areas from her ITS analyses and 
many of the regions which were retained in her analyses were alignment-ambiguous. 
This had the similar effect on the resulting topology as not excluding any regions at all, 
as was concluded in this study, where a topology almost identical to Forrest's (2000) 
was recovered by including all alignment ambiguous regions in the analysis. Conflicting 
parts of the trnL intron and ITS trees are probably due to high levels of homoplasy and 
contrasting taxon sampling rather than to biological mechanisms. One cannot be certain 
whether the phylogenetic signal recovered by ITS in certain parts of the tree which is 
apparently correct due to its corroboration by cpDNA sequence data is also correct in 
areas of the tree for which there is no cpDNA evidence. This point is emphasised by the 
fact that most relationships found among these species in Forrest's (2000) study, or in 
this study when alignment-ambiguous regions are included, collapse when alignment- 
ambiguous areas are excluded. The greater resolution achieved by including alignment- 
ambiguous regions could be a useful indicator of phylogenetic relationships, but without 
greater corroboration from other sources these relationships will remain equivocal.
The detrimental effects of poor taxon sampling for ITS are obvious in the 
unusual topology, unsupported by other data sets, recovered when the 48 taxon ITS 
matrix was analysed excluding the alignment-ambiguous regions (Fig. 3.3b). The 
effects of taxon sampling and the disparity of sequences between unrelated species 
means that ITS sequence data are not the most optimal region with which to study 
Begonia phylogeny across the entire genus. They are, however, well-suited to resolving 
relationships among groups of closely related species. In these cases alignment 
ambiguities are substantially reduced, as can be seen by comparing the alignment of 
species in section Tetraphila, or the endemic Malagasy species, in contrast to species 
that are not closely related. For this reason, ITS is used in conjunction with trnL and 
morphology to explore character evolution and biogeography of the fleshy-fruited 
species in more detail in Chapter 4.
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The maximum value of trnL intron sequence variation is only one third that 
found in ITS. Although this means it provides fewer informative characters, these 
characters can be reliably identified by unambiguous sequence alignment. Furthermore, 
problems of superimposed substitutions, which confound parsimony approaches to 
inferring phylogeny are minimised. This study showed that the trnL intron results are 
not significantly affected by taxon sampling, and therefore it remains a good locus with 
which to study the monophyly of sections and sectional relationships among African 
Begonia.
The lack of resolution provided by the 26S data set was surprising because the 
number of changes per site fell between those found in ITS and trnL, and only small 
regions were excluded. It suggests high levels of character conflict, which could be due 
to low species sampling.
3.6,2 Reliability o f  the ILD congruence test
The ILD (or partition homogeneity test, as it is called in PAUP) is one of the 
most commonly used statistical approaches to test congruence between different data 
sets. It is frequently used as a data set heterogeneity test in the conditional combination 
approach, where data sets are only combined when they have been demonstrated not to 
be heterogeneous (Bull et al., 1993; de Queiroz, 1993; Rodrigo, 1993). Yoder et al.
(2001) recently identified an interesting side-effect of the ILD and the effective distrust 
it produces: “Even so, the test’s [ILD] perceived sensitivity has undergone a steady 
decline. When the ILD was originally developed, Farris recommended a P-value of 0.05 
as the threshold for determining noncombinability. Since then, numerous investigators 
have applied the test to empirical data and have found that P-values < 0.05, and even as 
low as 0.001, should not preclude data set combination.” (p. 418). Many authors (e.g. 
Pennington, 1996; Chase & Albert, 1998) have questioned the use of incongruence 
indices in general as a tool for deciding to combine data sets, and have proceeded with 
simultaneous analyses in the face of adverse incongruence index values. They argue that 
the fundamental issue is whether individual characters in a phylogenetic analysis can be 
considered independent indicators of relationships, which is generally determined 
before cladistic analyses, and cannot be measured by any index. In this study, the ILD 
gave illogical results because P values between 26S and ITS, and between 26S and trnL
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showed no significant heterogeneity (P > 0.05), but the P value was significant (P < 
0.05) between 26S and trnL. It appears more valuable, and more simple to carry out 
thorough, independent analysis on separate data sets and assess discordance by 
comparing strict consensus topologies and bootstrap support.
3.6.3 The evolution offleshy fruits in Africa
The combined topology gives insight into the evolution of fleshy fruits, which 
was not possible with the trnL data alone (Fig. 3.6). If we map the presence of fleshy 
fruits most parsimoniously onto this tree then it is apparent that fleshy fruits are 
apomorphic within African Begonia, and that the dry winged fruit of most species in the 
genus is plesiomorphic, not only for the entire genus but also for African Begonia. 
Because B. meyeri-johannis (section Mezierea), which has unwinged fleshy fruits, is 
sister to the endemic Malagasy species of Begonia, then within Madagascar there is a 
reversal to winged fruits which the majority of species in Clade 2 possess. In this clade 
there is a subsequent reversal back to unwinged fleshy fruits in the Malagasy species of 
section Mezierea, B. comorensis and B. salaziensis.
From this phylogeny (Fig. 3.6) it is possible to infer that epiphytism in African 
begonias evolved subsequent to fleshy fruits. Epiphytism evolved only once and was 
restricted to rainforest species. If bird dispersal is indeed the favoured dispersal 
mechanism for at least some fleshy-fruited species, then an epiphytic habit coupled with 
this fruit type would be the most effective combination with which to attract bird 
vectors. The sister relationship in the combined analysis between the terrestrial West 
and Central African yellow-flowered begonias and allies, and the fleshy-fruited + 
Malagasy species, is consistent with the idea of fleshy fruits as key innovations 
allowing greater dispersal power, and the potential to invade new regions (e.g. 
Madagascar) and exploit new niches, thereby promoting speciation.
3.6.4 Taxonomic and phylogenetic implications
Previous studies, based on ITS, concluded that there was a strong geographic 
element that defined the monophyly of Asian and American species respectively 
(Forrest, 2000). Results from several analyses, including multiple alignment elision
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methods and maximum likelihood as well as maximum parsimony analyses, supported 
this conclusion. However, results from the analyses of trnC-trnD (Badcock, 1998) and 
trnL intron sequence data, as well as the results from the re-analysis of the ITS data, 
where alignment-ambiguous regions were excluded, do not show this clear geographic 
monophyly of American and Asian species.
This result casts into doubt previous biogeographical and evolutionary 
hypotheses based on ITS sequences alone. The assumption of a monophyletic Asian and 
a monophyletic American Begonia, led to postulations that Begonia, having originated 
in Africa, spread East to Asia via the rafting effect of India’s split from Africa, and 
spread West across the Atlantic to South America via the Walvis ridge (Forrest, 2000). 
The cpDNA phylogenies suggest repeated exchange between America and Asia, either 
through long distance dispersal, migration via Tertiary boreotropical vegetation, or a 
combination of the two. In either case, it was the lineages of African Begonia more 
adapted to seasonal conditions, and now almost exclusively restricted to eastern and 
southern Africa, that were the precursors to the extensive speciation that occurred Asia 
and the Neotropics. In addition, the cpDNA and combined results challenge current 
phylogenetic studies being undertaken on American Begonia, where the underlying 
assumption is the monophyly of American species.
Congruence among topological patterns produced from independent data sets 
provides the best estimate of phylogeny (Penny & Hendy, 1986; Cracraft & Helm- 
Bychowski, 1991; Lanyon, 1993; Miyamoto & Fitch, 1995; Purvis, 1995). The separate 
and combined analyses, all recover the same clades for West and Central African and 
Malagasy species of Begonia (Clades 1,2 and 3 in Fig. 3.1, 3.4 and 3.6). This provides 
a robust phylogenetic framework in which to pursue further work on these groups, as is 
done in Chapter four on the fleshy-fruited African species.
The most inclusive estimate of relationships among the basal nodes in Begonia 
can be seen in the strict consensus of the combined analysis of trnL, ITS and 26S (Fig. 
3.6). The combined topology agrees with the trnL topology on the position of sections 
Sexalaria and Rostrobegonia (B. annobonensis and B. engleri) as sister to all American 
and Asian species, and to African species in section Peltaugustia (26S sequences were 
not available for species in section Augustia). Significantly, this relationship emerged in
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a maximum likelihood analysis of ITS data, but was not supported by the maximum 
parsimony analysis results on the same data, which became the accepted phylogenetic 
hypothesis (Forrest, 2000).
3.7 CONCLUSIONS
ITS sequences show up to almost 50% divergence with ITS 1 and ITS 2 
producing high levels of ambiguous sequence alignment. Although ITS may not be the 
optimal region with which to study species relationships across the whole of the genus 
Begonia it is useful among closely related species, where many of the problems 
involving sequence alignment and therefore homology assessment are minimised. The 
level of variation found in trnL intron sequences of Begonia is approximately one third 
of that found in ITS. As was discussed in Chapter 2, the trnL intron is an excellent mid­
range marker with little alignment ambiguity and which is not markedly susceptible to 
taxon sampling. It gives well-supported resolution among sections, but can give 
insufficient variation between closely related species, or conflicting character 
optimisations at basal nodes, resulting in no resolution at this deeper phylogenetic level. 
26S is generally conserved, though short areas of highly divergent sequence had to be 
removed. It is potentially useful for resolving basal relationships when combined with 
sequences from other gene loci, but its apparent susceptibility to taxon sampling should 
be further investigated.
Although there appeared to be strong incongruences in parts of the ITS and trnL 
topologies, these incongruences are not well-supported and therefore indicate that they 
could be due to stochastic rather than biological causes. Removing ambiguous regions 
from the ITS sequences in the analysis gives a topology that does not conflict with that 
generated from an analysis of the trnL data. However, the ambiguous regions of ITS do 
possess some phylogenetic signal, because broadly similar clade relationships among 
African species are uncovered by ITS, trnL and 26S sequence data.
Ambiguous results surround relationships between the African species in 
sections Rostrobegonia, Augustia, Sexalaria and Peltaugustia, as well as among Asian 
and American species. Results from trnL and combined sequence analysis show
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Rostrobegonia (and Sexalaria in the trnL phylogeny) as sister to a clade consisting of 
American, Asian and African species in sections Augustia and Peltaugustia.
In addition, relationships uncovered by cpDNA sequences do not show the 
strong geographic constraint among Asian and American species that is revealed from 
the analysis of ITS sequences. This is very significant in view of current phylogenetic 
work on American species of Begonia (S. Swensen, pers. comm., 2001). Therefore, for 
the fixture, broad-scale sampling of American and Asian species in a trnL intron matrix 
should give interesting insights. However, because trnL may have limited variation 
within American and Asian species, sequencing these for other plastid genes such as 
matK or nuclear genes such as adh might provide more characters to determine whether 
Asian and American species of Begonia are truly monophyletic (as some ITS analyses 
postulate) or not (as cpDNA data imply).
Based on the analyses of independent data sets and the combined analyses, there 
is strong support for the main African clades outlined in Chapter 2: that is, 1) a 
monophyletic fleshy-fruited clade consisting of species with peltate, scale-like 
indumentum in sections Baccabegonia, Squamibegonia, and Tetraphila', 2) a 
monophyletic Malagasy clade, including all endemic Malagasy species, even those in 
section Mezierea’, and 3) a monophyletic group consisting of the West and Central 
African yellow-flowered begonias and allies, representing sections Loasibegonia, 
Scutobegonia, Filicibegonia, Cristasemen and B. iucunda.
Chapter 4 examines in more detail the clade of mainland fleshy-fruited species 
with peltate indumentum (sections Baccabegonia, Squamibegonia and Tetraphila). 
Chapter 5 discusses taxonomic changes, including the establishment of a new section to 
accommodate Begonia iucunda. Biogeographic interpretation is withheld for the final 
chapter (Chapter 6).
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CHAPTER 4 Cladistic analysis of the fleshy-fruited African sections 
Baccabegonia, Squamibegonia and Tetraphila based on combined 
morphological and molecular data
4.1 INTRODUCTION
4.1.1 African fleshy-fruited Begonia
Continental Africa and Madagascar possess ca. 158 species of Begonia, 
approximately 11% of the ca. 1400 species currently recognised in the genus. Although 
less numerous, the begonias of Africa are among the most morphologically diverse in the 
genus. Begonia species are generally characterised by winged capsules which, at 
maturity, either dehisce or disintegrate to release the seeds. However, in Africa one 
quarter of species have fleshy, wingless, often berry-like fruits. In Asia only species in 
section Sphenanthera (Hassk.) Warb. have fleshy fruits (26/600+ spp.) and in the 
Neotropics they are found only in the three species of section Parietoplacentalia 
Ziesenh. (3/600+ spp.) (Doorenbos et al., 1998). Although fleshy fruits cannot be said 
to be a key innovation within the genus (as is apparent by the small number of fleshy- 
fruited species in Asia and America), they appear to have played an important role in 
the diversification of Begonia in Africa. The fleshy-fruited African begonias are placed 
in four sections: Baccabegonia (2 spp.), Squamibegonia (3 spp.), Mezierea (6 spp.) and 
Tetraphila (30 spp.). Species in the Malagasy section Erminea have fleshy fruits with 
small wings. Studies in the placentation (Reitsma, 1983) and morphology of species in 
section Erminea have found them to have more in common with other wing-fruited 
species than with species possessing fleshy, non-winged fruits.
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Fleshy-fruitedness in Begonia is interesting, not only because it is relatively rare 
but because it may be related to animal dispersal (van den Berg, 1984). The fruits are 
frequently coloured red, yellow, white or pink; they are indehiscent in sections 
Squamibegonia and Mezierea but dehiscent in the other two sections (de Lange & 
Bouman, 1991). The placentae of section Tetraphila are also often brightly coloured 
(Arends, 1992; de Lange & Bouman, 1991). Other indications of an endozoochorous 
syndrome are larger seeds, with a loss of the cuticular ornamentation and a thick exotesta 
(de Lange & Bouman, 1991). De Lange & Bouman (1991) proposed that the arils found 
attached to seeds in section Tetraphila might be an adaptation to ant dispersal, with the 
aril acting as an eliosome: an oil-rich tissue found on the exterior of seeds which is 
attractive to animal dispersers. Ants are attracted to the eliosome for its nutritional value 
and disperse the seeds without damaging them.
Recent molecular studies (Chapters 2 and 3; Forrest, 2000) do not support the 
long-held view that fleshy-fruitedness amongst the African Begonia provides strong 
evidence of monophyly. Sequence data from the trnL intron and from the internal 
transcribed spacer (ITS) region of nuclear ribosomal DNA have shown section Mezierea 
to be less closely related to other fleshy-fruited species than was previously thought 
(Chapter 2; Forrest, 2000). Moreover, the section is polyphyletic, with the Malagasy 
species sampled from the section (B. salaziensis and B. comorensis) sister to other 
Malagasy species, all of which have alate fruits (Forrest, 2000; Plana, Chapter 2). The 
remaining fleshy-fruited species in sections Baccabegonia, Squamibegonia and 
Tetraphila are monophyletic, and hence are the focus of this study.
Sections Baccabegonia, Squamibegonia and Tetraphila are distributed 
throughout West and Central Africa, with their centre of diversity in the western half of 
the Guineo-Congolian rain forest region (White, 1979). Although a small number of 
these species are narrow endemics, the majority have a broader Central African 
distribution, and a few are widespread. Most species are epiphytic, and possess almost 
symmetrical leaves that are often thick and fleshy. The principal synapomorphy for this
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group of begonias is the presence of a peltate scale-like indumentum, which is only 
known in two other unrelated species, B. stellata and B. prismatocarpa, both in section 
Loasibegonia (Sosef, 1994; Doorenbos et al., 1998).
Section Baccabegonia consists of the two species B. baccata and B. crateris, 
both of which are endemic to the island of Sao Tome (one of the Gulf of Guinea 
Islands). Both species were originally placed in section Squamibegonia by Warburg 
(1894), whose classification was followed by Engler (1921) and Irmscher (1925). De 
Wilde & Arends (1980) placed both species in section Mezierea, but with some 
hesitation. The section Baccabegonia was created by Reitsma (1985) to accommodate 
both species, which are morphologically very similar to each other. The opinion that 
they could be synonymous has been expressed (Ferreira, 1965) but was rejected by 
Reitsma (1985), who differentiated them by the heavier indumentum of B. crateris and 
by contrasting positions of the petiole (leaves petiolate in B. crateris) and stamens. 
Together they are characterised by globose dehiscent fruits, septal placentation with 
four placentae per locule, and by a large number of ovules (250-300). They are by far 
the largest of all the fleshy-fruited Begonia species in Africa, reaching a height of up to 4 
m and a leaf diameter of 50 cm. Studies showing that the pollen of species of section 
Baccabegonia shares characteristics with those of the supposedly primitive section 
Mezierea have been interpreted as indicating that species in section Baccabegonia are 
palaeoendemics on Sao Tome (van den Berg, 1984).
Section Squamibegonia was last revised by de Wilde & Arends (1980), who 
recognised three species within this section. Begonia ampla and B. bonus-henricus occur 
in western Central Africa. Begonia ampla extends to the Gulf of Guinea Islands, while 
B. poculifera is widespread across tropical Africa. This section is very distinct due to 
the large, persistent, cup-shaped bracts subtending the inflorescence, the indehiscent 
fruits that develop within these bract and the two tepals in male and female flowers.
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Section Tetraphila is currently under revision (J J.F.E. de Wilde, pers. comm., 
2000). It consists of 30 species and is believed to show the most advanced fruit and seed 
characters among the fleshy-fruited taxa (Klazenga et al., 1994). Although the majority 
of species are narrow range endemics, several have broad Central African distributions 
and one species, B. eminii, is widespread throughout tropical Africa. Most are epiphytic 
or rupestral, though B. eminii, B. fusialata and B. tatoniana are terrestrial. Both male and 
female flowers have four tepals, and the long, indehiscent, fusiform fruits are unique 
within the genus. Begonia loranthoides is the only species in the section to lack this 
characteristic fruit in some of its populations, and was originally placed in section 
Squamibegonia by Warburg (1894, 1895). Later studies by de Wilde & Arends (1979) 
concluded that this species had greater affinities with species in section Tetraphila, 
where it is now placed. The fruit in some populations is, however, rather distinct, 
polygonal in transverse section, and can range in shape from club-shaped to ellipsoid. 
The bracts subtending the inflorescence are large and enclose the young inflorescence, 
but are less persistent than those in species of section Squamibegonia, and eventually 
abscise.
Species complexes and pairs of morphologically similar, or geminate, species 
have been identified within section Tetraphila (Hagman & de Wilde, 1983; Arends,
1992). One aggregate consists of six species, B. elaeagnifolia, B. rwandensis, B. karperi, 
B. longipetiolata, B. pelargoniiflora and B. squamulosa, characterised by creeping 
prostrate stems, male flowers with a zygomorphic androecium and poricidal anther 
dehiscence (Arends, 1992). It is rare to find different kinds of anther dehiscence in the 
same genus, leading to the suggestion that poricidal dehiscence may be a derived state 
within the section (Arends, 1992). Two species subgroups were identified by Arends 
within this complex, although the divisions were based on an arbitrary division of a 
continuous character. The first, which includes B. longipetiolata and B. squamulosa, is 
characterised by male inflorescences with more than five flowers. The second subgroup 
consists of the two species, B. karperi and B. elaeagnifolia, and is characterised by a 
male inflorescence with up to five flowers. Arends considered the "more than five
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flowered" state to be primitive. Examples of geminate species include B. cavallyensis 
and B. fusicarpa, which are thought to be altitudinal vicariads (i.e. sister species adapted 
to living at different altitudes; Hagman & de Wilde, 1983). Within this group, studies on 
seeds, placentation and pollen morphology show conflicting relationships (Reitsma, 
1983; van den Berg, 1984; de Lange & Bouman, 1991).
Polyploidy has been observed in section Tetraphila. Sporophytic chromosome 
numbers of several accessions ofB. squamulosa, B. elaeagnifolia and B. longipetiolata 
range from 71-76, approximately double the 36-39 reported in other accessions of these 
species (Arends, 1992). The counts of 71-76 are putative tetraploids or aneuploid 
tetraploids postulated to have been derived from diploid progenitors as the result of 
autopolyploidy (Arends, 1992). In B. squamulosa and#, elaeagnifolia the tetraploids 
are restricted to the Crystal Mountains in northern Gabon, where they may have 
proliferated at the expense of the parental diploids (Arends, 1992).
In this study three separate data sets (cpDNA, nrDNA and morphology) are 
used to investigate species relationships and character evolution among the fleshy- 
fruited African Begonia in sections Baccabegonia, Squamibegonia and Tetraphila, and 
to assess which morphological characters provide the best estimates of phylogeny. 
Although there is a considerable debate on whether to combine different kinds of data or 
analyse them separately (for review see de Queiroz et al., 1995; Wendel & Doyle, 1998; 
Johnson & Soltis, 1998; Bateman, 1999; Savolainen et al., 2000), there is general 
agreement that one should assess congruence between data partitions and then perform a 
combined analysis if the data sets are not heterogeneous, show only weak incongruence, 
or if the causes of incongruence are believed to be spurious (Wendel & Doyle, 1998). 
This approach is termed the “conditional combination” approach and was discussed in 
more detail in Chapter 3. A morphological matrix has been constructed and previous 
morphological studies (Tebbitt, 1997, Badcock, 1998; Doorenbos et al., 1998; Forrest, 
2000) are reviewed. Issues regarding character coding and past character and character 
state definitions in Begonia are discussed.
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4.1.2 Coding morphology in cladistic analyses
Character coding of morphological variation (i.e. the representation of the 
variation of a group of organisms in a data matrix) is considered the “bete noire” of 
cladistic analyses (Pogue & Mickevich, 1990). This is because morphology often does 
not translate neatly into characters and character states. Furthermore, variation of 
individual features is quantitative and hard to divide into discrete states (Stevens, 2000). 
There is a growing problem of a lack of widely accepted procedures or a consensus on 
the best approach to deal with specific coding problems (Thiele, 1993; Stevens, 2000). 
The main issues concerning character coding are the treatment of continuous (or over­
lapping), polymorphic and inapplicable data and these are discussed in further detail 
below.
4.1.2.1 Continuous variation
Continuous phenotypic variation may take the form of morphometric (e.g. 
length) or meristic (number) data. This kind of variation is problematic because attribute 
values of different taxa overlap, and lines separating character states are arbitrary. For 
this reason, continuous data have been considered less effective in uncovering species 
relationships (Crisp & Weston, 1987; Pimentel and Riggins, 1987), and incur several 
problems such as: (1) non-repeatability and (2) questions of homology and inheritance 
regarding individual states (Stevens, 2000). The question of non-repeatablity was 
addressed by Gift & Stevens (1997) in a study where 49 individuals were given a set of 
graphs denoting variation in 10 characters of Kalmia (Ericaceae), and asked to delimit 
states within these characters. They concluded that the way the data was presented 
influenced the delimitation of character states, and that states in the same data were 
delimited differently by different individuals. Stevens (2000) also pointed out that if 
continuous data is going to be used, then some type of sensitivity analyses should be 
carried out to test the effects of changing the boundaries between arbitrary states, like is
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done with molecular data. Despite such evidence as that given by Gift & Stevens (1997), 
some authors claim that disregarding continuous variation eliminates a potentially 
important source of characters which can provide useful phylogenetic structure (Thiele, 
1993; Wiens, 2000). For this reason and due to the general rarity of discrete characters in 
morphology, continuous data, particularly in studies based exclusively on morphology, 
is frequently used (for example, Sosef, 1994; Wieringa, 1999). The collection of 
morphometric data can be time-consuming, and adequate phylogenetic structure can also 
be accomplished with a small number of good discrete characters (Pennington, 1996; 
Carine & Scotland, in prep.). For these reasons, and others mentioned above, 
continuously variable data were not included in this study.
4.1.2.2 Coding missing or inapplicable data
Inapplicable data refers to those characters which are not applicable due to the 
absence of the feature in a subgroup of the terminal taxa. The most widespread method 
for treating inapplicable data is termed reductive coding (sensu Strong & Lipscomb 
(1999), after Wilkinson (1995)). It has also been termed inapplicable data coding 
(missing) by Hawkins et al. (1997). This method is comparable to the treatment of 
indels in molecular data because taxa that lack the feature are scored as missing, and is 
the most commonly used (for examples see Luckow & Hopkins, 1995; Cox & Williams, 
2000; Michelangeli, 2000; Navarro & Liria, 2000). This method is by no means ideal 
but, in the absence of algorithms and computational methods that can handle this kind of 
information, it is the most favoured (e.g. Hawkins et al., 1997; Strong & Lipscomb,
1999) and was chosen for this study. Reductive coding avoids philosophical arguments 
about the coding and treatment of absence, such as whether absence can be considered a 
state or whether absence ends up being coded multiple times when it only occurs once, 
which violates the assumption of character independence. Alternative coding methods 
include: absence coding {sensu Strong & Lipscomb, 1999) where taxa lacking a structure 
are coded with a separate absence state; non-additive binary coding {sensu Strong & 
Lipscomb, 1999) or presence/absence coding {sensu Pleijel, 1995), which involves
77
coding each state of a character for presence/absence; and in composite coding (sensu 
Maddison, 1993; Strong & Lipscomb, 1999) inapplicable data are included as part of a 
single multistate character.
Coding inapplicable data as an additional absence state, as it is in composite 
coding, may cause the absence of a complex character to be coded multiple times, 
especially if there are many different characters associated with the same structure. In 
this case, “If absence is a synapomorphy then coding it multiple times is redundant and 
will give greater support to clades than actually exists” (Strong & Lipscomb, 1999: 368). 
Treating states as presence/absence will cause logically dependent characters (that is, 
characters which are actually states or transformations of the same character) to be 
treated independently. This will lead to (a) states being scored twice and (b) too much 
emphasis being placed on absence, which will repeatedly behave as a synapomorphy 
even though the actual types of absence are different and non-homologous (Lee & 
Bryant, 1999; Strong & Lipscomb, 1999). Composite coding accounts for the 
dependence between the presence or absence of a particular anatomical structure and the 
character variability of that structure. However, including absence as one of the character 
states suggests transformational dependence, so that inapplicable data may become 
informative in determining phylogenetic relationships when it should not (Lee & Bryant, 
1999; Strong & Lipscomb, 1999).
4.1.2.3 Coding polymorphisms
Polymorphism, when a terminal taxon possesses more than one state for a single 
character, is a common reason for excluding characters from an analysis (called the fixed- 
only method; Nixon & Davis, 1991), but may result in data matrices containing 
insufficient information to reconstruct phylogeny (Komet & Turner, 1999; Poe & 
Wiens, 2000). Computer algorithms cannot simultaneously optimise two or more states 
in a cell. PAUP can treat them as full polymorphisms (multistate taxa = ambiguous), 
which treats those cells as missing and chooses the state from the set of available states
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that allows minimisation of the tree, or as polymorphism (multistate taxa = 
polymorphism). In the latter case PAUP designates one of the states in the cell as the 
ancestral state from which the other state(s) must be derived, and thereby optimises the 
derivations of the states in the cell. NONA treats polymorphisms by optimising subset 
polymorphisms, without considering them as full polymorphisms (i.e. does not treat 
polymorphism as ambiguous) (Goloboff, 1993). Numerous alternative ways of treating 
polymorphisms have been reviewed and tested (Nixon & Davis, 1991; Komet & Turner, 
1999; Poe & Wiens, 2000). One of the best ways to treat polymorphic data in order to 
circumvent limitations imposed by algorithms in phylogenetic software is to divide 
terminal taxa to remove them (Nixon & Davis, 1991). Splitting terminal taxa can, 
however, be problematic when handling large frequencies of polymorphic data in a 
matrix. NONA'S treatment of polymorphic data, and the fact that it is fast, means it has 
been regarded by many as the best way of analysing morphological data, particularly if 
implementing reductive coding methods (Hawkins et al., 1997; Strong & Lipscomb,
1999). In addition, NONA'S Windows interface, Winclada, can be excellent tool to 
observe character state distributions across a given tree. In this study polymorphic data 
are treated in a number of ways (as missing, as polymorphisms or excluded from the 
analysis) to investigate their effect on the topology and choose the method which best 
fits the data.
4.1.3 Review o f character and character state definitions (primary homology 
assessments) in previous morphology-based phytogenies 0/Begonia
Hawkins (2000, citing Smith, 1994: 34) reiterated that "different interpretations 
of characters and coding are possible" and "different workers will perceive and define 
characters in different ways". Most researchers would agree that their definition of a 
character in a cladistic context agrees, more or less, with that given by Platnick (1979: 
542): "a character consists of two or more different attributes (character states) found in 
two or more specimens that, despite their differences, can be considered alternate forms 
of the same thing (the character)". But researchers’ knowledge of, or views on,
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homology within their organisms commonly vary, leading to different assessments of 
primary homology (Pogue & Mickevich, 1990; Smith, 1994; Stevens, 2000). This is 
clearly evident among morphological cladistic analyses of Begonia (Table 4.1).
Morphology has been included in several phylogenetic studies of Begonia (e.g. 
Sosef, 1994; Tebbitt, 1997; Badcock, 1998; Doorenbos et al., 1998; Forrest, 2000). 
These studies have been conducted at the species level within targeted sections (Sosef, 
1994: sections Loasibegonia and Scutobegonia), at the species level combining targeted 
(or putatively related) sections with widespread sampling of exemplar species in other 
sections (Tebbitt, 1997: section Sphenanthera’, Badcock, 1998: section Knesebeckia), at 
the species level sampling across the entire genus with no targeted sections (Forrest,
2000), and at the section level (Doorenbos et al., 1998). Among these studies the 
morphological character list of Doorenbos et al. (1998) and Forrest (2000) should share 
the greatest number of characters with each other as they sample across the same 
taxonomic rank.
Sosef (1994) compiled the first phylogenetic matrix for a subset of Begonia 
species, based entirely on morphology. He aimed to study relationships among species 
in the African sections Loasibegonia and Scutobegonia, using a morphological cladistic 
approach. The analysis included 132 characters coded for 40 species in addition to four 
outgroup species. Being a study based on morphology alone, many of the characters 
chosen were continuously variable, and included macromorphological data as well 
anatomical features of the leaf, ovary and style.
Tebbitt (1997) created the first phylogeny of Begonia, combining both 
morphological and molecular data to investigate the monophyly of section 
Sphenanthera. In contrast to Sosef s (1994) work, the majority of species coded did not 
belong to a single section: he coded 40 morphological characters for 53 species across the 
entire genus (34 ingroup species represented sections other than Sphenanthera). 
Outgroups chosen were Hillebrandia sandwicensis and Datisca glomerata. Most of the
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characters in his morphological analysis were multistate. Continuous data was mostly 
present in the form of meristic data or divisions between different shapes or degrees of 
fusion.
Badcock (1998) carried out a study similar to that of Tebbitt (1997) but focused 
on the Neotropical and Asian section Knesebeckia (note that Doorenbos et al., 1998, 
only recognise Neotropical species within Knesebeckia). She aimed to test the 
monophyly of the group with respect to other Neotropical and Asian species, and to 
study species relationships within Knesebeckia based on morphology. Her 
morphological analysis included 66 characters which she sampled not only for 
Knesebeckia but also for African, Neotropical and Asian species in an attempt to 
produce a preliminary estimate of the phylogeny of Begonia, based on both 
morphological and molecular data. She found Knesebeckia to be non-monophyletic. 
Badcock’s (1998) coding strategy was very similar to Tebbitt’s (1997), including mostly 
multistate characters and continuous characters in the form of meristic data and shape 
and fusion differentiation.
Badcock (1998) and Tebbitt (1997) described fewer characters than Sosef (1994), 
and of these few are over-lapping. Both sets of characters and states are much more 
comparable, the main reason being that Badcock and Tebbitt sampled many sections of 
Begonia other than their focal sections. However, working together, and presenting their 
theses only a year apart means they may have also significantly influenced each others 
work.
Doorenbos et al. (1998) listed 63 sections in a morphological study at the section 
level. They defined 63 characters, most of which are applicable to any study which 
includes species from different sections. They carried out a phenetic analysis to test the 
relationships between sections based on similarity. This would carry the assumption 
that sections are monophyletic. Although they worked under this assumption, they 
admitted that in a cladistic analysis many of the sections would probably be para- or
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polyphyletic.
High levels of homoplasy (54/67 morphological characters gave Cl values less 
than one) have been reported for morphology in Begonia in contrast to molecular data 
even among morphological characters traditionally used to delimit sections (Forrest,
2000). It should be noted, however, that in the same study molecular data showed even 
greater levels of homoplasy with a Cl value of 0.2961 reported for one most 
parsimonious ITS tree. The more distantly related species are added to a matrix, the 
more likely there is to be spurious morphological relationships, where the high levels of 
homoplasy obscure phylogenetic signal (Givnish & Sytsma, 1997b). This is exarcebated 
by inapplicable data where a given morphological feature is altogether absent from some 
species, as was observed in the preliminary stages of this morphological study. Here, 
levels of inapplicable data increased as sampling moved further away from the targeted 
group of putatively related species, and a diminution in characters with genuinely 
discrete states was seen, because the addition of taxa inserted intermediate states.
In Begonia, it is possible to have characters that are applicable within and 
between sections, as can be seen in Table 4.1 if we compare the character lists from 
Doorenbos et al., (1998) and Badcock (1998). Sections are arbitrary ranks (i.e. different 
authors may rank groupings in Begonia as genera rather than sections. See Klotzsch, 
1854) that commonly reflect natural groups, as has been seen in light of phylogenetic 
analysis of molecular data where many sections are found to be monophyletic. They are 
introduced by taxonomists to make large genera more manageable, and to reflect 
morphological relationships in a sea of taxa. In the case of a large genus such as Begonia, 
which is relatively homogeneous in terms of morphology, there can be as much 
morphological variation within sections as between them, and this can further 
complicate coding.
Features used for section definition in African, Neotropical and Asian Begonia 
have been growth habit, presence and type of above or below ground storage organs
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(rhizomes, tubers and bulbils), caulescence, trichome morphology, tepal number in male 
and female flowers, gynoecium structure, and fruit structure.
Table 4.1 compares how four different researchers have chosen their characters 
and defined their character states. It is interesting to observe how different 
morphological characters in Begonia have been treated by different investigators. For 
example, there is a pronounced disagreement in the homology assessment of 
underground storage organs and stems. Tebbitt (1997) and Badcock (1998) considered 
tubers and rhizomes to be transformations of the same character, an opinion not shared 
by Doorenbos et al. (1998) and Forrest (2000), who treated the presence of tubers as a 
separate character. There are several examples of this type below. Some other 
characters, such as those describing the gynoecium and androecium, are somewhat more 
congruent.
4,1.4 Molecules and morphology in phylogeny reconstruction
Morphology can frequently display high levels of homoplasy (Givnish & 
Sytsma, 1997a) which can lead to erroneous estimates of relationships (Givnish & 
Sytsma, 1997b). However, if molecular and morphological data share the same 
phylogenetic history, and there is no substantial evidence for phylogenetic incongruence 
between molecules and morphology, then when combined they can both give resolution 
at different hierarchical levels (Pennington, 1996). In these conditions combining 
molecular and morphological data can be superior to the commonly used method of 
mapping characters a posteriori because the latter usually show different 
transformational patterns between given states than if these states were properly coded 
and included in a simultaneous analysis (Bateman & Simpson, 1998).
There are two additional arguments in favour of using both morphological and 
molecular data in phylogenetic analyses. Bateman (1999) discussed the kind of insight 
on evolutionary radiations that can be observed from these kinds of studies. Genomes 
are thought to evolve in a more or less clock-like fashion. Morphology, on the other
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hand, can remain unchanged for long periods of time due to stabilising selection, and is 
periodically interrupted by bursts of speciation. During these periods of speciation, 
where a high rate of morphological evolution is not coupled with an equivalent rate in 
molecular evolution, DNA sequence data may not be able to provide any information on 
species relationships (although in cases of recent radiations population level molecular 
markers, such as microsatellites, would, however, be able to pick up differences in 
molecular variation). In the intervening periods, under conditions of stabilising selection, 
although morphology may remain relatively unchanged and assuming that molecular 
evolution is, at least, vaguely clock-like, then molecular data can resolve relationships 
between different species. These speciation bursts, or radiations, can be studied by 
comparing the branch lengths from independent phylogenetic analysis based on 
molecular and morphological data sets (Bateman, 1999). By mapping characters on a 
phylogenetic tree, information regarding branch lengths in a morphological analysis 
would be lost.
An important advantage of defining morphological characters and character states 
is the knowledge it gives the researcher on the given taxonomic group. Formal 
classifications are based on the diagnosability of groups (i.e. using morphology), and it is 
important for researchers to understand the relationships between different 
morphological characters, and how these characters have been used in the past to 
diagnose species and sections. While the method of defining morphological characters 
and character states cannot substitute the deep knowledge which results from 
performing a full taxonomic revision, it can help to understand morphological variation 
within a group and the homology relationships between different organs. Further, it may 
give the researcher freedom to make decisions regarding a taxon’s classification, 
particularly in view of reconciling phylogeny and taxonomy.
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4.2 MATERIALS AND METHODS
4.2.1 Sampling and outgroup selection
All 34 species of sections Baccabegonia, Squamibegonia, Tetraphila and 
Mezierea were examined for the morphological analysis. Characters and character states 
were identified from the study of herbarium material (see Appendix 7), living collections 
at the Royal Botanic Garden Edinburgh and Glasgow Botanic Garden, and 
supplemented from the literature (Arends, 1992; Hagman & de Wilde, 1983; Klazenga et 
al., 1994; Reitsma, 1985; de Wilde & Arends, 1979,1980).
ITS and combined trnL, ITS and 26S analyses resolved all endemic Malagasy 
species plus B. meyeri-johannis as sister-group to the fleshy-ffuited taxa (Chapters 2 
and 3, Figs. 2.2 and 3.6; Forrest, 2000). Cladistic outgroups should be chosen on the 
basis of comparability to the ingroup, and should possess character states that resolve 
their relationships with respect to the ingroup (in this case morphological similarity and 
alignability of DNA sequences) (Nixon & Carpenter, 1993). Outgroups from within 
section Mezierea (such as B. meyeri-johannis) which also have fleshy, wingless fruits 
were originally chosen but later discarded because of alignment ambiguities in ITS, and 
the lack of morphological synapomorphies supporting the outgroup which gave rise to 
rooting problems. The morphological problems are the result of section Mezierea being 
resolved as polyphyletic in large scale molecular analyses, consisting of two cryptic 
clades for which no obvious morphological synapomorphies could be found -  see 
Chapter 2. Begonia bogneri and B. betsimisaraka, both in section Erminea, were chosen 
as outgroups because they have fleshy, winged fruits comparable to the fleshy fruits of 
the ingroup taxa and the ITS sequences did not show high levels of divergence from 
those of the ingroup.
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4.2.2 Morphology
A morphological data matrix of 27 characters was created in Nexus Data Editor 
(Page, 2000) (Appendix 5). There were five vegetative characters, 17 floral characters, 
four fruit characters, and one seed character. Character states were coded for all 34 
species in sections Baccabegonia, Squamibegonia and Tetraphila and the two outgroup 
species. Quantitative discrete characters in the form of meristic data (e.g. tepal number, 
style number, anther number) were included. Continuous variation in the form of 
morphometric data was excluded. The final 27 characters were selected from an initial 36 
characters. Table 4.2 shows the nine characters which were initially included and 
explains why they were ultimately rejected. All characters were treated as equally 
weighted and unordered (Fitch parsimony: Fitch, 1971). Characters were coded as 
missing in circumstances where a given character was not applicable due to the absence 
of the feature. Polymorphisms were input into the data matrix since data editing 
programs such as Nexus Data Editor (Page, 2000) or MacClade (Maddison &
Maddison, 1992) can accommodate polymorphic data.
4.2.2.1 List of Characters
1. Leaf arrangem ent on stem: leaves not perpendicular to stem (0); leaves 
perpendicular to stem (1).
This character in which a creeping stem gives rise to perpendicular leaves is 
specific to section Tetraphila. This is characteristic of species in what has been referred 
to as the B. squamulosa species aggregate, which also includes B. longipetiolata, B. 
squamulosa, B. karperi, B. rwandensis, B. pelargoniiflora and B. elaeagnifolia (Arends, 
1992). In herbarium specimens this character is very obvious, as the leaves press 
perpendicular along one side only of the creeping stem. Doorenbos et al. (1998) included 
this aerial stem within their broad concept of rhizome. I would use the term rhizome 
more precisely to refer explicitly to an underground creeping stem, excluding aerial 
creeping stems. This creeping stem, although similar to a rhizome, is distinct in that it
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lacks the numerous dry bracts found in truly rhizomatous plants such as many of the 
Malagasy species and mainland sections such as Loasibegonia and Scutobegonia.
2. Leaves peltate or sub-peltate: no (0); yes (1).
Peltate refers to the petiole attachment close to the middle of the leaf, as in 
species of section Peltaugustia. Sub-peltate refers to instances where the petiole is 
attached within, but close to, the margin of the leaf. Species such as B. karperi and B. 
rwandensis often have the petiole attached only 2-4 mm from the base of the lamina 
(Arends, 1992). See Doorenbos et al., (1998).
3. Red leaf margin: absent (0); present (1).
Several species have a conspicuous red border following the entire margin of 
adult leaves, which can be up to 4 mm wide.
4. Peltate scales: absent (0); present (1).
Peltate scales are usually associated with epiphytic species and are probably an 
adaptation the drier canopy environment. Among the African Begonia, peltate scales 
occur in sections Baccabegonia, Tetraphila and Squamibegonia. Other species recorded 
as having peltate scales are B. prismatocarpa (although they were absent from the 
specimen growing in Edinburgh) and B. stellata (Doorenbos et al., 1998), both of which 
belong to section Loasibegonia. The scales develop from being almost stellate hairs in 
young leaves to scale-like, membranous, often translucent trichomes which are 
commonly helicoidal. This kind of developmental transformation has also been observed 
in the genus Croton (Euphorbiaceae) (Webster et al., 1996). They can be sparsely 
scattered throughout both vegetative and floral organs, and in some species they form a 
dense covering on the underside of the leaves that obscure the abaxial laminal surface 
(see Character 5). Sosef (1994) considered peltate scales to be plesiomorphic (what he 
called "a relict": p. 15) within section Loasibegonia. Peltate scales are unknown among 
Asian and American Begonia (Doorenbos et al., 1998).
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5. Dense underleaf indumentum: absent (0); present (1).
A few species (e.g. B. bonus-henricus, B. furfuracea and B. subscutata) have 
very dense underleaf indumentum covering the entire abaxial surface. The indumentum 
of B. bonus-henricus is composed of overlapping peltate scales, some of which are 
helicoid, whereas the indumentum of B. furfuracea is superficially similar but is 
composed of densely packed helicoidal stellate hairs with some fusion in the centre, 
resulting in a structure that appears intermediate between a scale and a stellate hair.
6. Bisexual inflorescence: absent (0); present (1).
7. Bisexual inflorescence type: 1-3 flowered simple or reduced dichasium (0); 
many-flowered (4 or more) simple or reduced dichasium (umbelliform) (1); complex 
dichasium (2); dichasial at base, monochasial above (3).
One to three-flowered reduced dichasia occur in section Tetraphila, where the 
female inflorescence commonly consists of a small number of flowers. Simple bisexual 
inflorescences are occasionally found in some species, such as B. cavallyensis. In this 
case the inflorescence consists of two lateral female flowers and a central male flower. 
The terms ’simple,' 'reduced' or 'compound' were not adopted by Arends (1992), who 
believed those terms held evolutionary inferences and therefore preferred to use the 
terms 'few-flowered' and 'many-flowered.' Simple or reduced dichasium here refers to 
what looks like a reduction of the primary inflorescence axis, giving a congested 
inflorescence where the flowers appear to be in the correct position for a dichasium but 
where there are no inflorescence axes. The many-flowered simple or reduced dichasium 
found in B. pelargoniiflora is a regularly branched cyme with reduced lateral axes except 
for the two axes of the first order (Arends, 1992), giving the inflorescence a superficially 
umbelliform appearance. A complex dichasium consists of an inflorescence which 
branches dichotomously and is a “hierarchy of three-flowered units” (Arends, 1992: 56). 
Some inflorescences divide dichasially at the base but are monochasial towards the 
upper portion of the inflorescence. The term monochasium is used here to refer to 
inflorescences like those of B. bogneri where the entire inflorescence consists of two or
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more flowers, each bome in the axil of the bracteole of the preceding flower (Bell, 1991: 
140).
Inflorescence types are generally invariable within species, although it has been 
noted that inflorescences can be more depauperate in cultivated specimens. Begonia 
longipetiolata, which in the wild commonly produces an inflorescence that is dichasial at 
the base and monochasial above, can appear monochasial in cultivated specimens 
(Arends, 1992). Here I have only included inflorescences from wild collections. This 
character may occasionally be difficult to interpret from herbarium specimens and in 
those cases has been coded as unknown. Goulet et al. (1994) examined the inflorescence 
symmetry of 71 species of Begonia and recognised nine different types of inflorescence 
architecture based on living material. This classification, however, has not been widely 
adopted, probably due to the difficulty of assessing inflorescence symmetry from dry 
herbarium material.
Treatment of this character has differed among authors. Tebbitt (1997) coded the 
bisexual and female inflorescence type as a single character and defined the following 
states: dichasium; condensed monochasium; raceme; flowers solitary; and panicle. 
Badcock (1998) separated inflorescence form into three characters: partial inflorescence 
branching pattern (monochasial or dichasial), symmetry of inflorescence branches 
(symmetrical or asymmetrical), and number of inflorescence branching points (single 
flower to one dichotomy or between two and three dichotomies or more than three 
dichotomies). Doorenbos et al. (1998) separated the three types of inflorescence 
(bisexual inflorescence, male inflorescence and female inflorescence) into three different 
characters and defined the states for each as: dichasial, monochasial, and dichasial at base 
monochasial at apex.
8. Male inflorescence: absent (0); present (1).
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9. Male inflorescence type: 1-3 flowered simple or reduced dichasium (0); many 
flowered (four or more) simple or reduced dichasium (1); complex dichasium (2); 
dichasial at base, monochasial above (3); monochasium (4).
See Character 7.
10. Female inflorescence: absent (0); present (1).
11. Female inflorescence: 1-3 flowered simple or reduced dichasium (0); many- 
flowered (4 or more) simple or reduced dichasium (1); complex dichasium (2).
See Character 7. Doorenbos (1998) divided this character in two, one character 
constituting the number of flowers per inflorescence and the other defining the 
inflorescence type. However, the number of female flowers is continuously variable, and 
plants will produce different numbers of flowers per inflorescence according to growth 
conditions. Number of flowers per inflorescence is ultimately an ecophenotypic 
character, and plants grown in glasshouses often produce inflorescences with few 
flowers. Only herbarium material from specimens growing in the wild was examined. 
Among African species the number of female flowers per inflorescence is very variable; 
species in sections such as Tetraphila and Scutobegonia can range from one to many 
female flowers per inflorescence.
12. Inflorescence bracts: small, opposite, deciduous, not overlapping (0); large, 
persistent, obscuring inflorescence axis (1).
Bracts subtending the inflorescence in section Squamibegonia are large and cup- 
or boat-shaped, completely obscuring the rhachis of the inflorescence. They were 
interpreted as pseudo-bracts by de Wilde & Arends (1980: 30), who believed them to be 
modified stipules (an interpretation originally proposed by Irmscher, 1925). A 
compressed inflorescence develops within these bracts, followed by soft indehiscent 
fruits which expand while protected by the bracts. Begonia loranthoides also produces 
large bracts, but they never completely subtend the inflorescence and are deciduous, 
leaving the fruit to develop unprotected. Here these are coded as state 0. The possession
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of large bracts, in section Squamibegonia, is correlated with the presence of a perianth 
tube in the female flower.
13. Number of perianth segments in male flowers: 2 (0); 4 (1).
Perianth segment number generally remains constant within species (Doorenbos 
et al., 1998). However, some species like B. oxyloba or B. meyeri-johannis are 
polymorphic for this character, having individuals with either two or four perianth 
segments, and in some instances (e.g. B. longifolia), flowers with a different numbers of 
tepals can be observed on the same inflorescence. Badcock (1998) coded separately the 
outer whorl of perianth segments, which she termed sepals, and the inner whorl, which 
she termed petals. Her coding agrees with several previous studies carried out in Begonia 
(Kalmbacker, 1971; Spome, 1977; Barabe, 1980,1981) which show that the perianth 
segments are distinguishable into petals and sepals by their contrasting vascular 
systems. In angiosperms, petals generally receive only one vascular trace whereas sepals 
are better irrigated; for example, the sepals of B. handelii have five to eight traces 
(Barabe, 1980, 1981). Gauthier & Arros (1963) regarded the outer perianth segments of 
Hillebrandia as sepals since they were well vascularised, and recognised petals 
alternating with the sepals which are, however, rudimentary and already shrivelled when 
the flowers open. Without examining the vascularisation of the perianth segments it is 
difficult to differentiate the elements of the calyx from those of the corolla, although in 
species where there appear to be two whorls, the exterior whorl is generally termed the 
sepals and the interior whorl the petals. In flowers of herbarium specimens, both male 
and female, where the number of perianth segments is more than four, it is almost 
impossible to determine which perianth segments constitute the outer whorl and which 
the inner. In the case of Symbegonia the perianth segments are fused into a tube. The 
male flowers are composed of two fused segments whereas in female flowers the 
perianth tube consists of five lobes. Perianth information in the literature has always 
been given as the total number of perianth segments rather than differentiating 
contrasting perianth whorls, and this treatment is followed here.
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14. Stamen number: > 10 (0); < 10 (1).
Most species in section Tetraphila have over 10 stamens. A small number of 
species have 10 or less. Species in section Baccabegonia and Squamibegonia have more 
than 10 stamens, except B. poculifera (section Squamibegonia) which occasionally has 
less than 10. This is essentially a continuous character but has been used to diagnose 
species (de Wilde, in prep.) and is therefore included in this study.
15. Androecium symmetry: zygomorphic (0); actinomorphic (1).
The symmetry of the androecium is usually determined by the length and fusion 
of the filaments. In several African sections the gradual and uneven (fasciculate) fusion 
of the filaments causes the anthers to resemble a ‘bunch of bananas’ (Doorenbos et al., 
1998). This feature is conspicuous in sections Tetraphila, Squamibegonia and 
Baccabegonia, where the androecium is strongly asymmetrical. As in a bunch of 
bananas, asymmetrical androecia are also dorsiventrally compressed, whereas 
symmetrical androecia resemble a dome in the centre of a flower. This conspicuous 
difference in stamen arrangement could reflect different pollination syndromes, and 
although it is known that some flowers in the genus are bee pollinated, potential 
biological and ecological differences between symmetrical and asymmetrical androecia 
have not been explicitly studied. The genus Begonia does not produce any nectar so 
plants are pollinated by deceit (Agren & Schemske, 1991; Schemske & Agren, 1995). 
The only reward to pollinators is pollen, and studies of some species have shown that 
female Begonia flowers attract pollinators by mimicking male flowers (Agren & 
Schemske, 1991). This was shown in B. involucrata which, like most Begonia species, 
has a yellow forked style with a spiral stigmatic band. Several species in section 
Tetraphila (e.g. B. manii, B. komoensis and B. preusii) have two to four straight, 
unforked styles that are conspicuously dark red at the base and become lighter towards a 
bright yellow apex. In these styles the stigma is a contracted region at the apex of the 
style.
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16. Anther apex: truncate (0); apiculate (1).
Among the fleshy-fruited species of Begonia, the majority of species have a 
truncate or flattened anther apex, where the connective lies horizontally between the 
two thecae. In some species, such as B. oxyanthera, the connective extends to a point 
above the thecae.
17. Anther apex hooded: no (0); yes (1).
A hooded apex is formed by the extension and expansion of the connective, 
which curls over and partially covers the anther apertures (pores or slits). See 
Doorenbos et al. (1998).
18. Anther dehiscence: longidehiscent (0); “poricidal” (1).
The term poricidal indehiscence in Begonia has previously been used in a 
misleading way (Doorenbos et al., 1998). True pores occur in Begonia only in section 
Solananthera. The poricidal indehiscence described by Doorenbos et al. (1998) for the 
species in section Tetraphila (B. longipetiolata, B. squamulosa, B. pelargoniiflora, B. 
rwandensis, B. elaeagnifolia and B. karperi) and in both species of section Peltaugustia 
are in reality short slits which open from the apex of the anther for a short distance, 
giving a tear-shaped opening. These short slits start in the apex of the anther in species 
of section Tetraphila, and may often be obscured by the hooded apex. In section 
Peltaugustia these slits appear to start further down due to the presence of an expanded 
connective. The term “poricidal”, although strictly incorrect, will be used here to 
conserve terminology, and refers only to the indehiscence in some species in section 
Tetraphila.
19. Perianth cylinder in female flowers: absent (0); present (1).
The perianth cylinder in female flowers refers to the basal fusion of the perianth 
segments into a tube separating the ovary from the unfused, apical parts of the corolla 
tube. In Africa this structure occurs only in section Squamibegonia, though some fusion 
has been noted in some species of the Asian section Semibegoniella (C. DC.) Barkley &
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Baranov (Doorenbos et al., 1998). In section Squamibegonia the tube may have evolved 
concurrently with the large bracts found in the species of this section. The bracts are 
large, tightly compressed, almost flat, and embrace the entire inflorescence except for the 
petaloid extremity of the perianth. The inflorescence rhachis is compressed and held 
within the bracts, from which only the flowers themselves are exerted. The ovary is 
well-protected at the base of the enclosure produced by the bracts.
20. Number of perianth segments in female flower: 2 (0); 4 (1); 5-6 (2).
See Character 13.
21. Number of styles: 2 (0); 3 (1); 4 (2); 5-7 (3).
Although this character is meristic and can show polymorphism it is informative 
because most species have a consistent number of styles. Most species (and sections) 
have female flowers with three styles. However, in section Tetraphila style number can 
vary from two (B. capillipes and B. cavallyensis) to four or five (B. manii and B. 
squamulosa), though this degree of polymorphism is exceptional.
22. Style shape: forked once (0); two-lobed (1); simple (2).
Style characters are, along with anther morphology, one of the most stable 
characters in Begonia. Although there is a great variety of style types within some 
sections (e.g. Tetraphila), it is a very good identifier of single morphological species or 
species complexes. In Africa only section Cristasemen has styles that are forked more 
than once, although the character also occurs in sections Semibegoniella and Hydristylis
A. DC. (Doorenbos et al., 1998). The vast majority of African species have styles 
which are forked once, though two-lobed species occur in section Loasibegonia, wherein 
all species have either a two-lobed style or a forked style with short arms. In section 
Tetraphila, two-lobed stigmas characterise B. cavallyensis and B. fusicarpa. Simple 
styles are rare, occurring in sections Tetraphila (e.g. B. preusii, B. manii), Parvibegonia
A. DC. and Gireoudia (Klotzsch) A. DC. (Doorenbos et al., 1998). Style shape has 
been characterised differently by different authors. Badcock (1998) recognised lunate
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and lunate-bicomute as well as the states presented here, and separated two straight- 
branched styles from two spirally branched styles. Tebbitt (1997) coded the following 
states in his style shape character: bifid; shortly bifid; many branched; and entire. He 
suggested that the bifid condition was primitive because it is possessed by most 
Begonia species, together with Hillebrandia and Datisca, (see Doorenbos et al., 1998).
23. Stigma: in a spiral band (0); kidney- or horseshoe-shaped (1); contracted near 
the style apex (2).
This character shows a great diversity and is closely associated with style shape 
(discussed in greater detail by Tebbitt, 1997; Badcock, 1998). The common state in 
Begonia is where the stigma forms a band and spirals along the branches of the forked 
style. In many species, notably those in sections Squamibegonia, Sexalaria and Lepsia 
(Klotzsch) A. DC. (Panda & de Wilde, 1995; Doorenbos et al., 1998), stigmatic tissue 
covers the entire style but there is differentiation between longer hairs covering the 
stigma and short hairs covering the remainder of the style. Since there is trichome 
differentiation this state is essentially a hirsute version of the common stigmatic state in 
the genus. Stigmatic differentiation of the kind described above does not occur in Asian 
Begonia. In Africa, about half of the species in section Tetraphila have unforked styles, 
which are curved slightly outward toward the apex. The stigma, reduced to a short band, 
is located on the outside of the style where it curves at the apex. Species in which the 
stigma is confined to the end of the style are also found in sections Casparya (Klotzsch) 
Warb., Doratometra (Klotzsch) A. DC., Eupetalum (Lindl.) A. DC. and Ruizopavonia
A. DC., but the condition is absent in Asia. The kidney- or horseshoe-shaped stigmas 
are not spiral but occur when the styles produce two buds or short arms, or the style is 
forked at the apex. The kidney shape occurs in species where the stigmatic tissue covers 
the two buds, whereas horseshoe-shaped stigmas are found in species with slightly 
longer stylar arms. Doorenbos et al. (1998) created two characters for the stigma; one 
was whether or not the stigma is kidney-shaped, and the other describes the position of 
the stigma on the style. The kidney to horseshoe-shaped uncoiled state here includes the 
"in a band and not spiralled" state of Doorenbos and is equivalent to the "in a band and
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not spiralled" state described by Tebbitt (1997), which also included kidney-shaped and 
"moon-shaped" stigmas. Tebbitt (1997) included stigma covering most of style or all 
over style, as did Doorenbos et al. (1998).
24. F ru it dehiscence: dehiscent (0); indehiscent (1).
Almost all Begonia fruits are dehiscent. However, in Africa sections 
Squamibegonia, Mezierea, Scutobegonia and Loasibegonia have indehiscent fruits. 
Dehiscence in fleshy-fruited species of sections Baccabegonia and Tetraphila occurs by 
the presence of dehiscence slits at maturity and recurvation of the fruit wall to reveal an 
erect, seed-bearing placental column. In cultivated plants this column disintegrates 
during or shortly after dehiscence (Arends, 1992). This banana-like dehiscence has been 
compared to that of Datisca and Hillebrandia, where dehiscence occurs at the top of the 
fruit between the styles (Badcock, 1998). Indehiscent fruits are not known from the 
Neotropics (Doorenbos et al., 1998). This character is difficult to determine in fleshy 
fruits, especially because dehisced fruits are not collected, probably because they persist 
on the plant for only a few hours (Arends, 1992). The most common type of dehiscence 
within Begonia is the formation of slits on or near the back of the locules, as opposed to 
occurring near the septa (Doorenbos et al., 1998). Badcock (1998) erroneously coded all 
fleshy fruits as indehiscent, although she recognised that some species, including those 
in section Tetraphila, are known to dehisce.
25. Fruit shape: ellipsoid, obovoid or ovoid (0); globose (1); fusiform (2); alate (3).
This continuous character is here included to separate the long fruits of section
Tetraphila and the globose fruits of section Baccabegonia from all other fleshy-fruited 
species. Fruit shape is very diagnostic for sections, particularly for species in section 
Tetraphila which have unique long fusiform fruits. Non-fleshy-fruited species are coded 
as missing.
26. Fleshy fruit shape in transverse section: terete (0); triangular or trigonous (1); 
polygonal (2); triangular with elongate comers (3).
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The transverse section of fleshy fruits can be very variable, especially within 
section Tetraphila. Most fruits are terete, but some Central African species (e.g. B. 
fusialata, B. ebolowensis and B. gabonensis) are triangular and almost winged in 
transverse section. The polygonal section is only found in some populations of B. 
loranthoides; others have a terete transverse section.
27. Aril surrounding seed: absent (0); present (1).
Arils are known only in section Tetraphila and are thought to act as an eliosome, 
thereby aiding ant dispersal (de Lange & Bouman, 1992).
4.2.2.2 List of Soft Characters
Bateman (1999) suggested that characters which may be generally too variable or 
which show continuous variation and hence are especially prone to non-genetic 
ecophenotypic modification i.e. modification by the environment (and which he termed 
“soft characters”), should not be included in a cladistic analysis, but rather mapped a 
posteriori on a cladogram along with ecological and geographical information. The 
following characters were initially listed among the principal characters to be included in 
the analysis, but were found to be variable or difficult to divide into states.
1. Habit: terrestrial or rupestral (0); epiphytic (1).
Epiphytism occurs in African and the Neotropical Begonia, but is absent from 
Asian species. In Africa there appears to be a strong correlation between epiphytism 
and possession of fleshy fruits, an association not observed in the Neotropics. Although 
the majority of species fall fully within one of these two categories, some generally 
epiphytic species have terrestrial individuals (and so are coded as polymorphic), and 
there is significant overlap between rupestral and the other two conditions.
2. Leaf margin: entire (0); dentate (1).
Species in sections Baccabegonia and Squamibegonia have entire leaf margins, as
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do most species in section Tetraphila. In section Tetraphila, entire leaf margins are 
mostly correlated with a more narrowly elliptic leaf shape (except in the case of B. 
molleri and B. subalpestris) and with increase leaf fleshiness. Some species in Tetraphila 
have leaves that are less fleshy, are usually broadly elliptic and have dentate margins. 
Within Tetraphila this kind of leaf shape is never associated with forked styles and 
strongly twisted stigmas.
3. Fruit colour: yellowish, orange, pink or red (0); white or green (1).
The fruits in most species of section Tetraphila mature pink, reddish or orange.
A small number of species (B.fusialata, B. preusii, B. polygonoides and B. capillipes) 
have fruits which mature white or green. The fruits of B.fusialata are almost completely 
white, the colour extending to the placenta. The fruits of B. preusii are reddish when 
immature but when mature are white. In contrast, the fruits of B. capillipes and B. 
polygonoides are very narrow and when mature are green. Nothing is known about why 
these species have evolved different mature fruit colour; it is tempting to speculate that 
they reflect different dispersal mechanisms or vectors.
4.2.2.3 Rejected characters
Eleven characters, which were provisionally included, were eventually rejected or 
treated as soft characters on the grounds of showing too much infraspecific variation, for 
being ecophenotypically rather than genetically variable, or in which it was difficult to 
establish a clear assessment of transformational homology (Table 4.2). In some cases 
these characters, although excluded from the parsimony analysis, were mapped a 
posteriori across a most parsimonious tree (MPT).
Most characters describing symmetry, such as inflorescence or leaf symmetry, 
were excluded. It is almost impossible to discern inflorescence symmetry from 
herbarium specimens, and leaf symmetry is difficult to quantify and is essentially a 
continuous character. For similar reasons, leaf texture, leaf venation and tepal shape
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were also excluded.
Table 4.2 Table of characters which were initially included in the study but later 
excluded.
Character Reason for exclusion from phylogenetic analysis
Habit: terrestrial or rupestral (0); epiphytic (1) Very polymorphic because the two states are 
frequently present in one species.
Stem: herbaceous (0); thickened or wood-like (at 
least at base) (1)
Difficult to determine thickening from herbarium 
specimens.
Leaf margin: entire (0); dentate (1) Continuous character
Indumentum scale type: B. bonus-henricus type (0); 
stellate (1); dentate (2); fimbriate (3)
Continuous character. Scales change in shape with 
age. Young scales tend to be stellate, becoming 
more peltate with age, with the margins dentate to 
fimbriate.
Venation: palmate (0); pinnate (1) The two states frequently overlap.
Style fusion: free to base or fused to half way (0); 
styles fused more than half way (1)
Continuous character.
Leaf blade symmetry: almost symmetrical (0); 
asymmetrical (1)
Continuous character.
Perianth indumentum: glabrous (0); minute 
glandular hairs (1); stellate hairs (2); dentate or 
fimbriate scales (3); helicoidal peltate-stellate hairs 
(4); peltate-stellate, not helicoidal (5)
Continuous character.
Ovary and pedicel distinct: yes (0); no (1) Continuous character.
Ovary indumentum: glabrous (0); glandular hairs 
(1); lepidote stellate hairs (2); lepidote helicoid 
hairs (3); dentate scales (4): fimbriate scales (5)
Continuous character.
Fruit colour: yellowish, orange, pink or red (0); 
white or green (1)
Continuous character.
4.2.3 Molecular data
ITS and tmL sequences for 23 species of sections Baccabegonia, Squamibegonia 
and Tetraphila obtained for the analyses in Chapters 2 and 3 were used in this combined 
analysis.
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4.2.4 Phylogenetic analysis
Three main analyses were carried out to study the phylogenetic effectiveness of 
morphology and to compare the phylogenies resulting from separate and combined 
analyses of ITS, tmL intron and morphological data matrices. All characters were treated 
as unweighted and unordered (Fitch parsimony; Fitch, 1971). Maximum parsimony 
analyses were run on PAUP* version 4.0b7 (Swofford, 2000) and NONA (Goloboff, 
1993).
4.2.4.1 Extended morphological data set
The influence of subset polymorphisms on the analysis was tested on a matrix in 
which 27 morphological characters were coded for all 36 known species in sections 
Baccabegonia, Squamibegonia and Tetraphila. Three separates analyses explored the 
effects of subset polymorphisms on the final topology yielded by PAUP. In these 
analyses polymorphic cells were treated as (a) ambiguous; (b) polymorphic, and (c) 
excluded from the analysis. All three analyses were run on PAUP* version 4.0b7 using 
the same two-step heuristic search strategy, which aimed to avoid local optima of tree 
length (parsimony islands). Trees were obtained running 1000 random addition 
sequences, holding one tree at each step during stepwise addition. Branch swapping was 
done with TBR (tree-bisection-reconnection). Steepest descent and multrees were not in 
effect, saving only one tree per replicate. This strategy was followed by a second search 
that swapped on the trees saved from the first round. The steepest descent and multrees 
options were invoked, and a maximum of 5000 trees were saved. A search was carried 
out in NONA to compare topologies produced by PAUP and to observe character 
optimisation across a single tree. In NONA, a heuristic search was carried out with 
Maxtrees = 10,001, replicates 1000, saving 10 trees per replicate. Branch swapping 
invoked TBR, followed by another round of TBR swapping on the trees saved from the 
initial search.
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4.2.4.2 Subsets of both morphological and molecular data sets
A subset of 23 species from sections Tetraphila, Squamibegonia and 
Baccabegonia was used in all three analyses. This matrix (Appendix 6) contained the 
subset of species from the morphological matrix used in analysis 4.2.4.1 for which ITS 
and tmL were available. DNA sequence data for ten species was not available either due 
to the lack of material or because the available material failed to generate sequences. The 
parsimony search using PAUP was the same as that used in analysis 4.2.4.1 except that 
in parts ii) and iii) the search was allowed to run to completion in the final step.
(i) Morphology only— A parsimony analysis was conducted on 27 morphological 
characters where multistate taxa were treated as ambiguous.
(ii) TmL only— A heuristic search of 524 tmL  intron characters was carried out in 
PAUP. All characters had equal weight and were unordered. Gaps were coded following 
the simple coding methodology proposed by Simmons & Ochoterena (2000), where 
they are included in the analysis and treated as missing (see Chapter 2).
(iii) ITS only—The following characters were excluded due to alignment ambiguity: 570- 
571, 592-636, 656-657, 688-692, 714-720, 938-1028, and 1120-1126. These regions 
were exclusively from the ITS1 and ITS2 spacer regions. A heuristic search of 518 
characters was run where gaps were treated as missing.
Support for individual nodes was assessed using bootstrap values (Felsenstein, 
1985). PAUP settings for the bootstrap analysis were: 1000 replicates, 10 random 
sequence additions, invoking TBR swapping and multrees.
4.2.4.3 Congruence tests
To test congruence between the three data sets an incongruence length difference
1 1 0
(ILD) test (Farris et al., 1994) was carried out as implemented by PAUP (called the 
partition homogeneity test in PAUP) (described in Chapter 3) and assessed visually by 
observing congruence with respect to support values for separate clades. 1000 replicates 
were used in the partition homogeneity test. For more details on the ILD test and on 
methods of assessing congruence based on bootstrap support for different clades, see 
Chapter 3.
4.2.4.4 Combined analysis
Characters in ITS were excluded as in analysis 4.2.4.2 part (iii). Parsimony 
analysis was conducted on the remaining 1069 characters. Gaps in the tmL  partition 
were coded following the simple coding method advocated by Simmons & Ochoterena 
(2000), and were included in the analysis and treated as missing. Multistate taxa were 
treated as ambiguous. Trees were obtained by running 1000 random addition sequences, 
holding one tree at each step during stepwise addition. Branch swapping was conducted 
with TBR, invoking steepest descent and multrees.
4.3 RESULTS
4.3.1 Extended morphological data set
Parsimony analysis of 26 informative characters (out of a total of 27) where 
subset polymorphisms were treated as ambiguous yielded 212 equally most 
parsimonious trees of length 76, Cl of 0.500 (0.493 excluding autapomorphies) and RI 
of 0.775. The strict consensus is shown in Figure 4.1a. When multistate taxa were 
treated as polymorphisms this yielded 215 equally most parsimonious trees of length 
132, Cl of 0.712 (0.708 excluding autapomorphies) and RI of 0.775. The strict 
consensus is shown in Figure 4.1b. The third search, in which characters that were 
polymorphic for at least one taxon (13 characters in total) were removed entirely from
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the analysis, yielded 470 trees of length 33, Cl of 0.545 (0.545 excluding 
autapomorphies) and RI of 0.845. The strict consensus is shown in Fig. 4.1c. Treating 
subset polymorphisms as either ambiguous or as polymorphisms did not affect the 
topology of the strict consensus tree (Fig. 4.1a and 4.1b). However, tree length 
decreased significantly, from 132 to 76, when multistate taxa were treated as ambiguous; 
Cl values also decreased. All most parsimonious trees in both studies showed a 
monophyletic Squamibegonia sister to both species in section Baccabegonia (Fig. 4.1). 
They also supported the monophyly of species in the B. squamulosa aggregate (B . 
longipetiolata, B. squamulosa, B. elaeagnifolia, B. pelargoniiflora, B. karperi and B. 
rwandensis). When subset polymorphisms were excluded from the analysis, the strict 
consensus tree (Fig. 4.1c) retained a monophyletic Squamibegonia, but did not resolve 
section Baccabegonia as sister to this clade. The B. squamulosa clade no longer included 
B. elaeagnifolia, leaving this species unresolved. In contrast, a clade emerged that 
included most species possessing straight styles (B. capillipes to B. subscutata). In this 
last analysis, because of a decrease in number of characters, tree length dropped 
dramatically to 33 steps, though the Cl value was also low.
Excluding polymorphic characters from the analysis greatly decreased the 
number of informative characters that could be explored and gave much less resolution 
than when all polymorphic characters were included. The strict consensus topologies 
were identical regardless of whether polymorphisms were treated as ambiguous or as 
polymorphisms. The higher Cl value when subset polymorphisms were treated as 
polymorphic, and the fact that only the states indicated in the cell are optimised, means 
that treating subset polymorphisms as such in PAUP is a superior method of treating 
this data, allowing the exploration of all morphological characters in the matrix. 
Moreover, it allows the inclusion of characters that can be phylogenetically informative, 
and can add resolution. Therefore, in subsequent analyses that included morphological 
data, subset polymorphisms were treated in this way.
The search in NONA yielded four most parsimonious trees of length 76 steps,
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Cl of 0.50 and RI of 0.77. The strict consensus recovered the same topology as that 
produced by PAUP when treating multistate taxa as polymorphic and ambiguous (Fig. 
4.1b). The tree length is the same as that produced in PAUP when multistate taxa are 
treated as ambiguous. Figures 4.2a and 4.2b show character optimisation on the 
combined tree by ACCTRAN, which favours reversals, and DELTRAN, which favours 
parallelisms.
4.3,2 Subset morphological and molecular data set
(i) Morphology only—Of the 27 characters in the analysis, 23 were parsimony 
informative. Parsimony analysis yielded 5000+ most parsimonious trees of length 98, 
Cl of 0.755 (0.747 excluding autapomorphies), and RI of 0.784. The strict consensus of 
these trees (Fig. 4.3a) shows little resolution, though all trees support a monophyletic 
Squamibegonia supported by a 96% bootstrap value. There is also good support (96%) 
for B. baccata as sister to section Squamibegonia. All trees agree on a monophyletic 
Tetraphila. A moderately supported clade consisting of B. ebolowensis and B. 
gabonensis, both of which have fruits triangular in transverse section, and an 
unsupported clade including comprising B. komoensis and B. manii, two species which 
are morphologically very similar, are also present in the strict consensus.
(ii) TmL only—  Of the 524 characters included in the analysis only 30 were parsimony 
informative. Parsimony analysis of the informative characters yielded 180 most 
parsimonious trees of length 105, Cl of 0.952 (0.868 excluding autapomorphies) and RI 
of 0.917. The strict consensus is shown in Figure 4.3b. All trees resolve a monophyletic 
Squamibegonia as sister to Baccabegonia. All species of Tetraphila, excluding B. 
loranthoides and B. longipetiolata, form a monophyletic group. Within section 
Tetraphila there are four clades. The first, which includes B. kisuluana, B. capillipes, B. 
furfuracea and B. preusii, has moderate bootstrap support (66%). It consists mostly of 
species which have simple styles, except B. furfuracea which has a forked style and 
spiral stigma. All species have narrowly elliptic leaves with entire margins. All species
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in the second clade have straight styles (B. komoensis, B. horticola, B. manii, B. 
polygonoides and B. oxyanthera), but support for it is weak (59%). There is, however, 
stronger support (68%) for the sub-clade encompassing the morphologically very 
similar B. komoensis, B. horticola and B. manii. The third clade includes two species 
with trigonal fruits, B. ebolowensis and B. gabonensis. The last clade consists of the two 
Sao Tome endemics, B. subalpestris and B. molleri.
(iii) ITS1— Of the 520 characters included in the analysis, 88 were parsimony 
informative. The heuristic search yielded 206 most parsimonious trees of length 463, Cl 
of 0.888 (0.741 excluding autapomorphies) and RI of 0.782. The strict consensus is 
shown in Fig. 4.3c. The monophyly of Squamibegonia is well-supported, as is the 
position of B. baccata as sister to this clade. In addition, ITS sequence data resolve the 
position of B. loranthoides and B. longipetiolata as sisters to sections Squamibegonia + 
Baccabegonia with a bootstrap value of 86%, making section Tetraphila non- 
monophyletic (Fig. 4.3c). The rest of section Tetraphila is supported by a bootstrap 
value of 77%. Within Tetraphila, the topology is somewhat incongruent with that 
produced by the tmL data. The most striking incongruence is the position of B. 
furfuracea, which is resolved by ITS as sister to the Sao Tomean endemics B. molleri 
and B. subalpestris, with relatively strong bootstrap support of 74%. In the tmL 
consensus topology, B. furfuracea is similarly well-resolved within a clade that consists 
of B. preusii, B. capillipes and B. kisuluana. In this analysis, B gabonensis is sister to B. 
polygonoides, although this relationship is weakly supported (57%). All most 
parsimonious ITS trees also agree on a weakly supported clade encompassing B. 
komoensis, B. oxyanthera, B. eminii, B. manii and B. fusialata. This clade is different in 
composition to the second clade in the tmL  topology, which only includes some of the 
species in this clade.
Figure 4.4 shows difference in branch lengths between the molecular and 
morphological data sets. The morphological data showed considerably shorter branch 
lengths than the molecular phylogenies. This could suggest that the rates of
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morphological and molecular evolution are not tandemly correlated, and that in this case 
morphology appears to be very conserved compared to sequence variation, especially of 
ITS. More probable, however, is that the differences in branch length are largely a 
consequence of the difference in the number of characters between the morphology and 
molecular data sets (27 characters vs. 520-524 characters).
(iv) Combined analysis (Figs. 4.5 and 4.6)—The results from the partition homogeneity 
test between the molecular partitions gave a value of P = 0.12, showing no significant 
incongruence between partitions. Incongruence between the morphological and each of 
the molecular data sets was strong (P = 0.001 (ITS)-0.008 (tmL)). This high 
incongruence value reflects the topological incongruence between the morphology and 
molecular trees. However, none of this incongruence is well supported (as evidenced by 
high bootstrap values). Furthermore, there is no a priori reason to doubt that each 
morphological character does not provide evidence of relationships because they are 
genetically controlled and independent. Therefore, the morphological characters can 
contribute to a combined analysis. Incongruence between the two molecular partitions in 
the form of clade support was evident in the conflicting position of B. furfuracea. It was 
decided to retain this species in the combined analysis but to interpret its phylogenetic 
position with caution.
A combined parsimony analysis of 1071 ITS, tmL and morphological characters, 
of which 142 were parsimony informative, yielded 8 most parsimonious trees of length 
685, Cl of 0.854 (0.717 excluding autapomorphies) and RI of 0.756. Figure 4.5 shows a 
single most parsimonious tree with nodes retained in the strict consensus marked with a 
solid black circle. Section Squamibegonia is strongly supported by 100% bootstrap, as 
is the sister relationship of B. baccata to this clade. The inclusion of B. longipetiolata 
and B. loranthoides in the same clade as Squamibegonia and Baccabegonia is moderately 
supported (bootstrap value = 64%). Begonia furfuracea forms a clade with B. molleri 
and B. subalpestris as it did in the ITS analysis. This position seems reasonable because 
all species in this clade have forked styles with a coiled stigma.
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A clade consisting of species possessing broadly ovate to broadly elliptic leaves with 
dentate margins and prominent simple styles (B. komoensis, B. horticola, B. manii and 
B. oxyanthera) is poorly supported, even though morphologically this group is quite 
diagnostic. Unfortunately, the morphological phylogeny does not reflect this (Fig. 4.3a). 
Compared to other species in this clade, the styles of B. oxyanthera are less robust. The 
sister-group relationship between B. eminii and B. fusialata is not supported by all eight 
trees, but they are morphologically very similar. They are two of the three (the other 
being B. tatoniana) terrestrial species in section Tetraphila, and have leaves resembling 
those in the B. komoensis clade, and possess forked styles, but are unique in that the 
stigma forms a band but is not spiral. The large clade consisting of species such as B. 
subscutata, B. gabonensis and B. kisuluana, and which lacks bootstrap support, 
consists of species with simple styles and narrowly elliptic or obovate leaves.
Figure 4.6 shows the optimisation of morphological characters on a single most 
parsimonious tree, where homoplasious character states are marked in grey and non- 
homplasious ones in black. Table 4.3 lists all the morphological characters and their Cl 
and RI values. Only one character (Character 11) was not informative in the combined 
analysis, because some species were culled to provide a subset matrix. Nine of the 27 
characters have states that show unique changes (non-homoplasious; Cl = 1.00), and of 
these only two are autapomorphies (RI = 0) with the rest providing synapomorphies 
(RI = 1.00). There are no differences in levels of homoplasy between vegetative and 
floral character states. Many strongly homoplasious character states (showing low Cl 
values) did give good grouping information as is denoted by the high RI values (e.g. 
bisexual inflorescence, androecium symmetry).
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Figure 4.6 A single most parsimonious tree from the combined analysis showing 
morphological character optimised (ACCTRAN) on the combined topology. The black 
bars represent non-homoplastic states, and the grey bars homoplastic states. 
Polymorphisms are not marked. Numbers above and below the bars represent the 
characters and their states.
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Table 4.3 Tabulation of morphological characters and their performance in the 
combined analysis (Cl = consistency index; RI = retention index).
Character No. of states Steps Cl RI
1. Leaf arrangement on stem 2 1 1.00 0
2. Leaves peltate or sub-peltate 2 1 1.00 0
3. Red leaf margin 2 4 0.25 0
4. Peltate scales 2 1 1.00 1.00
5. Dense underleaf indumentum 2 3 0.33 0
6. Bisexual inflorescence 2 4 0.25 0.70
7. Bisexual inflorescence type 3 3 0.67 0.67
8. Male inflorescence 2 3 0.33 0.71
9. Male inflorescence type 4 5 0.40 0
10. Female inflorescence 2 3 0.33 0.71
11. Female inflorescence type 1 0 0 0
12. Inflorescence bracts 2 1 1.00 1.00
13. Number of perianth segments in male flowers 2 1 1.00 1.00
14. Stamen number 2 4 0.25 0.40
15. Androecium symmetry 2 3 0.33 0.71
16. Anther apex 2 6 0.17 0.38
17. Anther apex hooded 2 2 0.50 0
18. Anther dehiscence 2 2 0.50 0
19. Perianth cylinder in female flowers 2 1 1.00 1.00
20. Number of perianth segments in female flowers 3 2 1.00 1.00
21. Number of styles 4 4 0.50 0.60
22. Style shape 3 3 0.67 0.92
23. Stigma 3 3 0.67 0.92
24. Fruit dehiscence 2 1 1.00 1.00
25. Fruit shape 4 3 1.00 1.00
26. Fleshy-fruit shape in transverse section 4 4 0.75 0.67
27. Aril surrounding seed 2 2 0.50 0.80
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4.4 DISCUSSION
4.4.1 Character perception in Begonia morphology
Looking closely at the morphological cladistic studies carried out in Begonia to 
date demonstrates how different investigators do indeed perceive and define characters 
and their states differently. Table 4.1 shows several examples in which different authors 
have variously interpreted homology in Begonia. As was mentioned briefly in section
4.1.3 one example of this difficulty is evident in the case of underground storage organs 
and stems. Tebbitt (1997) assumed homology of rhizomes and tubers by defining them 
as states of a binary presence/absence character. Badcock (1998) also included rhizomes 
and tubers as alternative states of the same character, in addition to other states such as 
root tuber and stem tuber. Stem morphology was included as a separate character for 
which she differentiated several degrees of caulescence. In contrast, Doorenbos et al. 
(1998) included caulescence and the presence of rhizomes in the same character and 
treated tubers as a separate presence/absence character. Finally, Forrest (2000) coded 
stem tubers and root tubers as separate presence/absence characters and excluded 
rhizomes altogether. Another example is the differentiation between sepals and petals in 
Begonia flowers. Only Badcock (1998) made this distinction. Because both sepals and 
tepals in Begonia are petaloid, and the separate whorls are often hard to tell apart, most 
authors treat them as a single character with states defined as the different number of 
tepals.
Coding strategies are similar among all investigators (see Table 4.1). They all 
treat inapplicable data as missing. The vast majority of their characters have discrete 
states and many characters are multistate. Continuous data in the form of measurements 
are rare, but all use continuous meristic data such as style number. There are some 
instances, although rare, when descriptive continuous characters are included (e.g. degree 
of fusion: free; fused only at the base; fused for more than half their length). This last 
case evokes the difficulties that can be engendered by the variable delimitation of
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arbitrary states within a continuum. Examples of this are the degree of fusion of the 
styles. Forrest (2000) recognised two states, whereas Doorenbos et al. (1998) and 
Badcock (1998) recognised three. Similarly, for filament fusion, Doorenbos et al. (1998) 
recognised three states, Forrest (2000) and Tebbitt (1998) four, and Badcock (1998) 
five.
Polymorphic characters were also treated differently by different authors. 
Badcock (1998) treated polymorphic data as missing unless one state was known to be 
75% more prevalent than others, in which case only the common state was scored. 
Doorenbos et al. (1998) also coded the common state to eliminate polymorphic cells in 
the matrix as did Tebbitt (1997). Forrest (2000) did not encounter polymorphism 
because she only sampled single individuals (equivalent to her DNA vouchers) for each 
species. None of these approaches are acceptable, as they disregard intraspecific 
morphological variation.
4.4.2 How to use morphology in big genera
Studies comparing morphological and molecular data in Begonia, imply that 
morphology can be misleading in terms of defining relationships (Tebbitt, 1997; 
Badcock, 1998; Forrest, 2000), and therefore, estimates of phylogenetic relationships 
within Begonia should not be carried out based on morphology alone. One of the 
primary problems is assessing homology across an entire genus the size of Begonia (ca. 
1400 spp.). Characters such as fruit dehiscence, for example, are difficult to qualify 
across morphologically divergent species. In addition, the more species that are included 
in a morphological matrix, the greater the proportion of taxa with inapplicable or 
polymorphic character states. Particularly high levels of inapplicable data could lead to 
erroneous estimates of phylogeny due to the optimisation strategies of available 
phylogenetic software (see section 4.1.3.2). Finally, one of the most significant 
problems of coding morphology for a large genus will always be the unavoidable 
dilemma of finding enough morphological characters.
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In view of the these problems, I would recommend carrying out morphological 
phylogenetic studies in Begonia only on targeted sections; that is, either a single section 
or a small group of putatively related sections. This reduces problems of homology 
assessment, homoplasy and problems of inapplicable data, and allows morphology to 
provide at least some phylogenetic signal. As mentioned above, morphology alone in 
Begonia seems unlikely to give correct estimates of species relationships, so 
morphological data should always be used in conjunction with molecular data. Molecular 
data alone may not resolve all relationships, and does not satisfactorily diagnose taxa. It 
is interesting to observe in combined analyses the kind of phylogenetic signal that 
morphology can provide in a given topology, often giving greater resolution at specific 
nodes (see below).
4.4.3 Topological and character incongruence between ITS, morphology and trnL.
Chapter 3 discussed the pitfalls of statistical congruence tests such as the ILD.
In this chapter statistical congruence tests between morphology and the individual 
molecular data sets all failed. This negative conclusion was not, however, supported by 
strong topological incongruences. Statistically significant incongruence between data sets 
need not preclude combining them if the source of the incongruence is local and the 
specific relationships involved can be determined (Baker & DeSalle, 1997). In such cases 
combining data is likely to improve the accuracy of the phylogeny in those sections of 
the tree not affected by the incongruence (Wiens, 1998).
The only supported conflicting position resulting from the separate analyses of 
trnL and ITS was for B. furfuracea (Fig. 4.3b and 4.3c). The reason for this conflicting 
position is that in the trnL phylogeny B . furfuracea shares a 10 bp gap with B. preusii,
B. capillipes and B. kisuluana. This could be a homology for all four species. However, 
it is possible, based on morphological similarities (such as stigma and style morphology)
B. furfuracea shares with B. molleri and B. subalpestris, and the overall low trnL intron 
sequence variation, that an erroneous estimate of phylogeny between these species has
127
been reached. In this case ITS is probably giving a more accurate estimate of 
relationships. The possibility of chloroplast capture between B. furfuracea and the 
other three species should not be ruled out as they do occur sympatrically.
4.4.4 Species relationships and character evolution among the fleshy-fruited African 
Begonia
The preferred estimate of phylogeny in this study is the combined analysis 
which shows almost complete resolution. Approximately 65% of the morphological 
characters are homoplastic in the combined analysis (Table 4.3) and among these there 
were no differences in levels of homoplasy between floral and vegetative characters, a 
result generally found for vascular plants (Bateman & Simpson, 1998). However, the 
characters discovered as true homologues (secondary homologies sensu de Pinna, 1991) 
in the analysis are mostly flower, fruit or inflorescence characters and coincide with 
characters traditionally used to define sections (e.g. numbers of perianth segments in 
male and female flowers, presence of perianth cylinder in female flowers, presence of 
inflorescence bracts, and fruit dehiscence) in Begonia. The apparently good choice of 
morphological characters by Begonia systematists contrasts with the poor performance 
of traditionally important morphological characters reported for other plant groups, 
such as in the Leguminosae (Lavin et al., 2001; Pennington et al., 2000). These 
traditional characters did not diagnose all clades, and were not able to clearly diagnose 
the tetraphiloid clade consisting of all species of section Tetraphila except B. 
loranthoides and B. longipetiolata. This was because section Tetraphila is paraphyletic 
with respect to sections Squamibegonia and Baccabegonia and many of the character 
states diagnostic to section Tetraphila are plesiomorphic, mapping at the very base of 
the tree. Macromorphological characters in fleshy-fruited African begonias, of the type 
used in a cladistic analysis, are therefore not able to diagnose all clades uncovered by 
molecular data, a problem which may be widespread in the genus. As is discussed 
below, characters which were not included in the analyses because of their variable 
nature such as habit and leaf shape are also useful for clade diagnosis, particularly within
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species of section Tetraphila.
The tmL and ITS data give unequivocal support for the monophyly of section 
Squamibegonia as circumscribed by de Wilde and Arends (1980), which includes three 
species, B. ampla, B. bonus-henricus and B. poculifera. Begonia baccata, one of two 
species in section Baccabegonia, is sister to Squamibegonia. The other species in 
section Baccabegonia, B. crateris (not included in this study), is morphologically very 
similar to B. baccata, and suggestions have been made to merge the two species 
(Ferreira, 1965). Van den Berg (1984) considered B. crateris and B. baccata to be basal 
among the fleshy-fruited sections. However, this section is deeply nested within a 
predominantly epiphytic clade, suggesting a single dispersal event by an epiphytic 
ancestor to Sao Tome. The presence of peltate scales in these two species gives further 
evidence for this transition, as this type of indumentum (also found in species in 
sections Tetraphila and Squamibegonia) is probably associated with a drier epiphytic 
habit, and is almost certainly a mechanism for reducing water loss. Begonia crateris and
B. baccata can reach heights of 4 m, making them the largest begonias in Africa. This 
tendency towards gigantism is common among island species, and can reflect the 
colonisation of new environments followed by speciation in the presumed absence of 
competition (Carlquist, 1965).
The phylogenetic positions of B. loranthoides and B. longipetiolata in the 
combined analysis are congruent with the results based on ITS (Forrest, 2000). Forrest 
concluded that section Tetraphila was paraphyletic with respect to section 
Squamibegonia, a finding corroborated here by the combined analysis. The trnL 
sequence of B. loranthoides lacks the 158 bp deletion found in species of section 
Squamibegonia and Baccabegonia, but does possess a shorter 33 bp deletion at the end 
of this gap. Both in terms of morphology and tmL sequence structure, B. loranthoides is 
intermediate between both groups. The fruits of some populations of B. loranthoides 
differ from those typical of section Tetraphila by being club-shaped to ellipsoid, and 
polygonal in transverse section (although others possess the typical Tetraphila fruit
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type). The bracts subtending the inflorescence are large and enclose the young 
inflorescence, but they are far less persistent than those in species of section 
Squamibegonia. Begonia loranthoides was originally placed in section Squamibegonia 
by Warburg (1895). Later studies on the species by de Wilde & Arends (1979) 
concluded that this species had greater affinities with species in section Tetraphila, and 
it was excluded from their subsequent re-delimitation of section Squamibegonia (de 
Wilde & Arends, 1980).
The tmL sequence for B. longipetiolata has no such gaps, lacking both the 158 bp 
deletion of sections Squamibegonia and Baccabegonia and the short gap found in B. 
loranthoides, and is therefore most like other species in section Tetraphila. However, in 
the sequence composition of ITS (particularly ITS1) these species show greater affinity 
with species in sections Squamibegonia and Baccabegonia. The results of the 
congruence test show high levels of congruence between the ITS and trnL data sets (P = 
0.12), and while there is strong support (86%) from ITS sequence data for the inclusion 
of B. loranthoides and B. longipetiolata in a clade with section Squamibegonia and B. 
baccata, no support for this relationship exists in the trnL analysis, where both species 
are unresolved with respect to both clades. Morphologically, the close relationship 
between species in sections Squamibegonia and Baccabegonia, B. loranthoides and B. 
longipetiolata is supported by the presence of a unique monochasial male inflorescence 
type in all these species, and which is absent in other species of Tetraphila. The 
phylogeny given by the combined analysis suggests the derivation of sections 
Baccabegonia and Squamibegonia from within Tetraphila sensu lato. However, the 
tetraphiloid species associated with sections Baccabegonia and Squamibegonia are 
significantly different with respect to other Tetraphila, suggesting an early departure of 
that lineage from the standard Tetraphila form.
Within the fleshy-fruited African species, fruit morphology is not an accurate 
indicator of relationships as is demonstrated by the paraphyly of section Tetraphila 
(Fig. 4.7). The switch to fruit indehiscence has occurred once within the fleshy-fruited
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131
African group, in section Squamibegonia, and a total of three times in Africa as the 
diphyly of section Mezierea has revealed (see Chapters 2 and 3). As was illustrated by 
Reitsma (1983), placentation in African Begonia is pseudo-axillary among species of 
section Squamibegonia and topographically parietal in more than 60% of the ovary in 
section Mezierea. In Tetraphila placentation ranges from being topographically parietal 
over less than 40% of the length of the ovary, with the remaining part showing septal 
placentation (B. polygonoides, B. oxyanthera, B. kisuluana, B. molleri and B. 
subalpestris), to entirely septal (B. eminii, B. manii, B. komoensis, B. subs cut at a, B. 
loranthoides and B. fusialata) and pseudo-axillary (B. squamulosa, B. ebolowensis, B. 
poculifera, B. bonus-henricus and B. ampla). The number of ovules per ovary in species 
of section Tetraphila (including B. loranthoides and B. longipetiolata) does not surpass 
55, whereas species in section Squamibegonia have 80-120 ovules and those in B. 
baccata have 250-300 (Reitsma, 1983). While the number of ovules and type of 
placentation do not diagnose groups within Tetraphila, it does so for sections 
Baccabegonia and Squamibegonia. Similarly, the information provided by seed and 
pollen data (van den Berg, 1984; de Lange & Bouman, 1991) does not support 
relationships uncovered in the combined analysis although seeds of Baccabegonia are 
characterised by the absence of a distinct cuticular pattern and by the shallow 
appearance of the testa cells (de Lange and Bouman, 1991). The seeds of Squamibegonia 
have small testa cells and show a distinctive cleavage of the anticlinal walls (Bouman & 
de Lange, 1982). Within Tetraphila, the seeds of B. ebolowensis and B. gabonensis are 
among the largest in the section, and the seeds of B. molleri and B. subalpestris resemble 
each other in having faint anticlinal walls. The best morphological predictors of 
phylogeny in Tetraphila are style and stigma form, androecium characteristics, growth 
habit, and to a certain extent leaf shape.
Commonly, Begonia is characterised by homogeneous male and female flowers.
In the centre of most Begonia female flowers are three to five yellow, forked styles 
around which spirals the stigma. The combined analysis resolves this style morphology 
as the ancestral state within this group of fleshy-fruited African species and is present
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in Baccabegonia, Squamibegonia, B. loranthoides and the B. squamulosa species 
complex (including B. longipetiolata) (Fig. 4.8). Within the remaining, more narrowly 
delimited Tetraphila clade yellow, forked styles with a twisted stigma occur in B. 
molleri, B. subalpestris and B. furfuracea, and would therefore support the position of 
B. furfuracea in close association with the two Sao Tomean Tetraphila species. In 
addition, yellow, forked styles with a twisted stigma is the primitive state within 
Tetraphila. Therefore, all the style variation within the section which departs from the 
forked style and twisted stigma common to the genus is derived. There is evidence of a 
transformation series in stigma and style morphology. Begonia eminii and B.fusialata 
also possess forked styles, but the band-shaped stigma is not spiral but rather horse­
shoe shaped. Begonia eminii and B. fusialata (together with B. tatoniana, which was not 
included in the study) are also the only terrestrial species in section Tetraphila (Fig.
4.9). Begonia cavallyensis has bilobed styles and is sister to B. fusialata, but is 
epiphytic. Begonia fusicarpa (not sampled in this study) also has bilobed styles and is a 
species believed to be a high altitude variant of B. cavallyensis (growing under 500 m 
altitude in contrast to at ca. 1400 m) (Hagman & de Wilde, 1983). The rest of species in 
section Tetraphila have developed simple styles where the stigma is contracted near the 
style apex. This is usually associated with a change in pigmentation; the style, instead of 
being uniformly yellow, is variously graded from yellow at the base to deep red at the 
apex. Begonias are pollinated by deceit (Agren & Schemske, 1991), and there is a greater 
occurrence of small androecia with few anthers among the simple-styled species. Simple 
styles are never the only type within a section, occurring in sections Tetraphila, 
Parvibegonia and Gireoudia (Doorenbos et al., 1998), and have never therefore been 
used to diagnose a section.
Leaf shape and margin are good (though not infallible) indicators of relationships 
within section Tetraphila (Fig. 4.9). Begonia eminii and B. fusialata, as well as B. 
komoensis, B. horticola, B. manii and B. oxyanthera, have ovate to broadly elliptic 
leaves with dentate margins. Begonia tatoniana was not sampled but also has leaves of 
this type, and forked styles on which the stigma is a non-spiral band; it would probably
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resolve as sister to B.fusialata and B. eminii. Species in the adjacent clade (B. preusii, B. 
capillipes, B. kisuluana, B. ebolowensis, B. gabonensis, B. polygonoides and B. 
subscutata) rarely have dentate margins, and tend towards a more narrowly elliptic leaf 
shape. Begonia komoensis, B. horticola and B. manii are a group of closely related 
species that have pronounced spreading styles which can be red in colour for at least 
half their length. As can be seen in Figure 4.9 the possession of a terrestrial habit is only 
a loose indication of relationships. The possession of a red leaf margin is a homoplastic 
character state occurring both in the Sao Tomean species B. subalpestris and the West 
African species B. cavallyensis\ two unrelated species.
4.4.5 Implications for the taxonomy o f section Tetraphila
The delimitation and erection of sections in Begonia should have the ultimate 
purpose of aiding identification, not necessarily reflecting phylogeny, although the best 
scenario would reconcile the two. It would be little use to recognise groups or clades 
which have no obvious morphological synapomorphies. This position might, of course, 
be strongly criticised by proponents of the PhyloCode (de Queiroz & Gauthier, 1992, 
1994). The non-monophyly of section Tetraphila as currently circumscribed emphasises 
this problem. It would be inappropriate to sink species of sections Baccabegonia and 
Squamibegonia into section Tetraphila, as they are among the most easily recognisable 
sections in African Begonia and are supported by diagnostic morphological 
synapomorphies. An alternative option, which would be less disruptive to existing 
classifications, would involve erecting two new sections, one to accommodate B. 
loranthoides and the second for species in the B. squamulosa species aggregate (B. 
longipetiolata, B. squamulosa, B. karperi, B. pelargoniiflora, B. elaeagnifolia, B. 
rwandensis). However, these species are characteristically tetraphiloid, possessing the 
long fusiform fruits characteristic to the section (although not present in all populations 
of B. loranthoides). Therefore, I do not advocate moving these species to new sections; 
an opinion shared with other Begonia specialists (e.g. J.J.F.E. de Wilde, pers. comm., 
2001).
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Figure 4.9 One of eight most parsimonious trees resulting from the maximum 
parsimony analysis of combined morphological, trnL and ITS data showing the 
distribution of terrestrial habit (grey box), red leaf margin (red), and some leaf characters. 
Values beneath the branches represent bootstrap support. Branches which are retained 
in the strict consensus are marked with a solid black circle.
4.5 CONCLUSIONS
In Begonia, different authors have defined characters and character states 
differently, demonstrating some of the problems that wholly morphological 
phylogenetic studies can present. Morphology alone may not give accurate estimates of 
phylogeny (Scotland & Olmstead, in prep.), and this has been found to be the case in 
Begonia especially in genus-wide analyses. When used in combination with molecular 
data, at a more restricted taxonomic level it can, however, give greater support to nodes 
and has the potential to resolve relationships at a phylogenetic level that molecular data 
cannot.
The best estimate of phylogeny for the fleshy-fruited African begonias was given 
by the combined analysis of morphology, trnL intron and ITS sequence data. Whereas 
the individual data sets did not resolve species relationships within Tetraphila 
effectively, the strict consensus of the combined data sets was almost entirely resolved.
The combined analysis confirmed the monophyly of section Squamibegonia but 
showed a paraphyletic Tetraphila. Within Tetraphila the best indicators of phylogeny 
are style shape, which shows a transformation series from the forked styles with spiral 
stigmas common to most species of the genus to a derived form where the styles are 
unforked and the stigma is contracted at the end of the style. Leaf shape is also a good 
indicator of species relationships within the section, showing an evolutionary trend 
towards smaller, narrower leaves. The terrestrial habit in Tetraphila arose only once, and 
is absent among the most derived species in the section, suggesting increasing 
specialisation towards an epiphytic habit.
Although section Tetraphila is paraphyletic, it is not useful from a morphological 
perspective to attempt to make it monophyletic by accommodating B. loranthoides and 
species in the B. squamulosa species aggregate in new sections.
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CHAPTER 5 A new section of Begonia (section Chasmophila) from 
Africa and other taxonomic notes1
5.1 INTRODUCTION
To date, the classification of Begonia has been based solely upon morphology.
In some cases it has been difficult to assign species to any of the 63 sections recognised 
in Begonia, because some species do not fit clearly within the described limits of any 
currently recognised sections. This problem is highlighted in the recent revision of the 
sections of Begonia, where 18 species are listed under the heading "Species not 
attributable to any existing section" by Doorenbos et al. (1998: 217). In addition, 
numerous sections of Begonia such as Augustia and Rostrobegonia or Diploclinium, to 
name a few examples, are circumscribed with some doubts as to the exact species they 
encompass (Doorenbos et al., 1998). In these circumstances, molecular phylogenetics 
can provide useful information on the genetic relationships between species. While it is 
meaningless, from a taxonomic view point, to formally recognise cryptic clades (i.e. 
clades showing no morphological synapomorphies), phylogenies can help to identify the 
morphological characters which best reflect phylogeny and which may be preferable in 
sectional circumscriptions.
Some characters which were originally believed to be good indicators of close 
species relationships in Begonia have proved not to be because they are more 
homoplasious than previously thought. A prime example described in Chapters 2 and 3, 
is the possession of fleshy, wingless fruits in African begonias. African species with this 
fruit type are not monophyletic as previously assumed. Among these species the
1 This chapter represents work performed in collaboration with J J.F.E. de Wilde, and will form part of a 
co-authored paper.
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presence of peltate, scale-like indumentum is a much more conservative character and 
therefore a more valuable indicator of relationships at the sectional level.
In the course of preparing ‘The sections of Begonia\ Doorenbos et al. (1998) 
were unable to attribute the continental African species B. iucunda to any existing 
section. The authors supplied information on the species and concluded that: “it 
presumably takes up an isolated position in the affinity of section Filicibegonia A.DC.” 
(pp. 218-219). The molecular research outlined in Chapters 2 and 3 on African Begonia 
species, sampling all sections recognised on the continent, supports the morphologically 
isolated position of B. iucunda and its affinity to section Filicibegonia, which have been 
suggested previously. Therefore, the new monotypic section Chasmophila is here 
described to accommodate B. iucunda. The phylogenetic relationships based on 
morphological and molecular data of this monotypic section are discussed, as are its 
ecology and distribution.
5.2 TAXONOMIC POSITION OF B . IUCUNDA AND ITS RELATION TO 
OTHER AFRICAN SECTIONS
Irmscher (1961) accommodated B. iucunda in section Scutobegonia. Subsequent 
authors, such as Barkley & Golding (1974), followed Irmscher’s sectional placement of 
this species, probably led by the two yellow perianth segments in both its male and 
female flowers. Van den Berg (1985) attributed the pollen of B. iucunda to a Begonia 
filicifolia-typQ which he considered to be characteristic for species in section 
Filicibegonia. Based on seed micromorphology, de Lange & Bouman (1991) found that 
species in section Filicibegonia formed a distinct group, but that within this group B. 
iucunda occupied an isolated position. These authors suggested that convincing 
evidence for the recognition of a separate section to accommodate B. iucunda could 
result from a critical re-evaluation of its morphology. Sosef (1994: 19), in a thorough 
monograph of sections Loasibegonia and Scutobegonia, excluded B. iucunda. He 
referred to it as “an odd species, possibly representing a distinct section, probably most 
closely related to the sect. Rostrobegonia Warb.” Later, as stated above, Doorenbos et
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al. (1998) concluded that the species occupies an isolated position in the affinity of 
section Filicibegonia.
In Table 5.1, 15 morphological characters found in B. iucunda are compared 
with those of four morphologically related sections. All taxa in the table share capsular 
dry dehiscent fruits. The sections Loasibegonia and Scutobegonia, which include ca. 40 
species, are omitted as they never show tuberous underground parts and all the species 
are characterised by more or less juicy indehiscent fruits which disintegrate with age. 
Section Rostrobegonia is taken in the narrow circumscription of Warburg (1895), who 
admitted only B. rostrata, B. quintasii (= B. annobonensis) and B. johnstonii. In 
Irmscher’s (1961) opinion, sections Rostrobegonia and Augustia have so much in 
common that he supplied a description that combined the two sections into one. Recent 
research (Forrest, 2000; Plana, Chapters 2 and 3, M. Hughes, pers. comm., 2000), 
however, indicates that two and possibly even three monophyletic groups should be 
distinguished in this group of species. Therefore, in Table 5.1 the two sections, 
Rostrobegonia and Augustia, are entered separately in their original circumscription. In 
this concept, section Augustia contains most of the tuberous species, and section 
Rostrobegonia harbours annuals. The monotypic section Cristasemen is unique in its 
climbing lianescent habit and its unusual long, slender seeds (de Wilde, 1984).
From Table 5.1 it is not clear in which of the presently accepted sections B. iucunda 
could be satisfactorily placed. Among the 15 characters listed it respectively shares 10, 
9, 8 and 7 with sections Augustia, Cristasemen, Filicibegonia and Rostrobegonia, 
respectively. Moreover, unlike section Cristasemen, B. iucunda does not show one or 
more unique character states which set the species distinctly apart from its congeners. 
Notably, de Lange & Bouman (1991) found that the size of the seed of B. iucunda, with 
a mean length of 220 pm, is the smallest among African begonias. These authors found 
small seeds in sections Scutobegonia and Loasibegonia and especially in section 
Filicibegonia. They discussed B. iucunda under section Filicibegonia but remarked that 
in its micromorphological seed characters this species deviates in several respects from 
the other species in the section which otherwise constitute a distinct group (de Lange & 
Bouman, 1991).
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Table 5.1 Selected characters to discriminate B. iucunda and the sections Augustia, 
Cristasemen, Filicibegonia and Rostrobegonia.
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5.3 MOLECULAR PHYLOGENETIC EVIDENCE
DNA sequence data for Begonia from the nuclear ribosomal ITS repeat and 26S 
regions (Forrest, 2000; Plana, Chapter 3) and the chloroplast trnL intron (Plana, Chapter 
2) have been obtained for 58 species of Afro-Malagasy Begonia (sampled from among a 
total of 158 species described from the region). Begonia iucunda was sequenced in an 
attempt to elucidate its phylogenetic position using different sources of data. Maximum 
parsimony analyses of ITS, trnL, 26S and combined data all resolve B. iucunda in an 
isolated position within a clade consisting of species in sections Cristasemen, 
Filicibegonia, Loasibegonia and Scutobegonia. The ITS (Fig. 2.2) and combined trnL, 
ITS and 26S (Fig. 3.6) phytogenies shows B. iucunda as sister to the rest of this clade, 
whereas the trnL intron phylogeny (Fig. 2.4) shows B. iucunda as sister to 
Filicibegonia, Scutobegonia and Loasibegonia only. In both topologies, however, B. 
iucunda holds a phylogenetically isolated position. Although B. iucunda shares 
morphological similarities with species in sections Augustia and Rostrobegonia, both 
these sections are more closely related to Asian and American species than they are to 
other African species (see Chapters 2 and 3).
The morphological similarities that B. iucunda shares with species in sections 
Augustia and Rostrobegonia (see Table 5.1), such as the presence of tubercles, are not a 
reflection of shared phylogenetic history but rather are the result of convergence (Fig. 
3.6). As was seen in earlier chapters species in sections Augustia and Rostrobegonia are 
more closely related to American and Asian species than they are to the African rain 
forest species. Begonia iucunda is more closely related to terrestrial, hydrophilic, 
predominantly West and Central African species. Bearing this in mind, characters which 
are important in separating section Chasmophila and its related sections (Cristasemen, 
Filicibegonia, Loasibegonia and Scutobegonia) from sections Rostrobegonia and 
Augustia are the zygomorphic androecium (as opposed to actinomorphic), the presence 
of two perianth segments in female flowers (as opposed to more than two), and the 
presence of two tepals in male flowers (although some species in section Augustia have 
four).
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5.4 A NEW AFRICAN SECTION OF BEGONIA
Begonia sect. Chasmophila JJ.de Wilde & Plana, sect. nov. Habitu plantae 6- 
60 cm altae stolones emittentis et e tubere usque ad 20 x 8 mm subterraneo fusiformi 
orientis, praesentia tuberculorum usque ad 1 cm longorum fusiformium in axillis 
foliorum languescentium, indumento ex pilis moniliformibus glanduliferisque constanti, 
floribus axillaribus solitariis luteis et seminibus minus quam 250 pm longis. Sectio nova 
monotypica manifeste differt a Sectionibus Augustia, Cristasemen, Filicibegonia et 
Rostrobegonia. Type species: B. iucunda Irmsch.
The stoloniferous habit of B. iucunda, with an underground tuber, from which a 
rooted rhizome is produced that develops above the ground into a flowering upright 
stem, is unique among African tuberous Begonia species. In glasshouse conditions at 
Wageningen the stems were observed, after flowering and fruiting, to wither and fall to 
the ground. At this stage the leaves are more or less dry, but still attached. Long 
fusiform tubercles, reaching a length of 1 cm, develop in the axils of these leaves. The 
tubercles are green, enveloped by longitudinally arranged rows of brown scales, and 
give rise to newly formed, tiny rooted plants at their apex. This formation of propagules 
is, in Africa, known only in section Rostrobegonia s.I, where it is reported for B. 
wollastonii, and in section Augustia, occurring in B. sutherlandii. The conspicuous, 
multicellular, uniseriate hairs, which in B. iucunda often show a glandular two-celled 
apex, are rarely encountered among African begonias. Cuerrier et al. (1990) reported 
comparable hairs in B. johnstonii and B. engleri, both in section Rostrobegonia s.s. The 
occurrence of this type of indumentum was also reported for B. minutifolia (section 
Filicibegonia) (Cuerrier et al., 1990) but has not been corroborated by recent 
observations (J.J.F.E. de Wilde, pers. comm., 2001).
5.5 REVISED DESCRIPTION OF BEGONIA IUCUNDA IRMSCH.
Irmscher in Engl. Bot. Jahrb. Syst. 81:186 (1961); Wilczek, FI. Congo, Rwanda 
et Burundi, Begoniaceae'. 42-43 (1969); van den Berg in Agric. Univ. Wageningen 
Papers 84(3):37 (1985); L.B. Smith et al., Begoniaceae, Smithsonian Contr. Bot.
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60:184,449, Fig. 21.24 (1986); de Lange & Bouman, Wageningen Agric. Univ. Papers 
91 (4) i l l ,  12, 71, 73, pi. 7E & F (1992); Doorenbos et al., The sections of Begonia. 
Wageningen Agric. Univ. Papers 98(2):218 (1998).
Type: Congo (Kinshasa), Kasai, Kambangu, Callens 3205 (holotype K!, isotype 
BR!).
Plants erect or pendant, 6-60 cm tall, unbranched or with up to 7 axillary branches 
from the base; stem often somewhat zigzag, fleshy and wine red in vivo, up to 9 mm 
wide at the base, sparsely and patently hairy, the hairs multicellular, uniseriate, often 2- 
celled at the apex, glandular, very uneven in length; the stems growing from 
subterraneous rooted rhizomes up to 14 cm long that sprout from broadly fusiform 
brownish tubers up to 20 x 8 mm; rhizomes white, comparatively thin and thickening 
upwards from where the stem arises; newly produced tubers white. Stipules persistent, 
narrowly triangular to subulate, sometimes fimbriate, 1.5-7 mm long, pale green, 
margin ciliate. Leaves not peltate; petiole continuing into the blade at a distinct angle, 
0.5-3 cm long, pink to dark wine red, puberulous; leaf blade herbaceous, membranous 
when dry, asymmetrical, narrowly oblong to ovate or falcately ovate, attenuate towards 
the apex or acuminate in the upper part, 2-12 x 0.8-4 cm, with 7-9 palmate main nerves 
but the midrib usually most pronounced, the nerves green but sometimes wine red on 
the lower surface; margin coarsely serrate-dentate, ciliate (usually with a short cilium 
between the teeth); cordate to more often obliquely cordate at the base, one side cuneate 
to rounded or slightly cordate, the other lobe cordate, the sides not overlapping, top 
acute; upper surface medium green, dull, puberulous; lower surface pale green; the main 
and larger secondary nerves not prominent on the upper surface, prominent and more or 
less densely covered with patent soft white multicellular hairs on the lower surface. 
Inflorescences highly reduced: flowers solitary, developing in the axils of the upper 
leaves; bracts or bracteoles absent; very rarely a male and a female flower from the 
same axil; flowering usually starting with 1 to 4 female flowers followed by male 
flowers. Male flower: buds flat, at anthesis the pedicel 5-20 mm long, slender, glandular 
puberulous, wine red; perianth segments 2, very broadly obovate to almost circular, 5- 
10x5-13 mm, yellow; androecium a zygomorphic fascicle, stamens 9-19, yellow; 
filaments fused at the base into a very short central column, those of the inner rows 0.2-
1.0 mm long, those of the outer rows up to 2 mm long; anthers oblong, ca. 1 mm long,
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slightly cucullate at the rounded to somewhat emarginate apex, opening by two lateral 
slits which run along the whole length of the anther. Female flower: similar to the male 
but the pedicel elongating in fruit, up to 47 mm; perianth segments 2, very broadly 
obovate, up to 10 x 13 mm, yellow; styles 3, yellow, up to 3 mm long, fused in the 
lower one third, the top divided into an elongated V-shape, the arms up to 1.5 mm long 
and bearing a confluent slender stigmatic band which is spirally twisted for one turn 
around each arm; ovary obovoid to ellipsoid, minutely glandular puberulous, ca. 4.5 x 3 
mm, 3-locular, 3-winged. Wings very unequal in size, widening upwards, two wings 
narrow, the third wing much wider, ovate; placentation axillary, placentas 1 per locule, 
entire, flat, stretching deep into the locules, densely packed with ovules on both sides. 
Fruit borne on an extended erect pedicel, the capsule often somewhat nodding, 
septicidal, oblong, the locular part up to 15 x 5 mm, with 3 very unequal wings along 
entire length; wings distinctly enlarged in fruit, the largest wing widely extending 
beyond the top of the locule, triangular with rounded top, the longest side up to 21 mm, 
the other wings much smaller. Styles persistent in fruit.
Etymology. The specific epithet iucunda, coined by Irmscher (1961) for the 
combination Begonia iucunda, is derived from the Latin adjective iucundus meaning 
pleasant, agreeable or delightful.
Distribution. Known from Inoni in Congo (Brazzaville) and from the eastern part of 
the Bas Zaire region and southern and western areas of the Bandundu region of the 
Dem. Rep. of Congo (Kinshasa).
Habitat. In cracks and on ledges of steep exposed rock faces; on steep slopes near 
waterfalls; in shaded places among rocks.
Field notes. De Wilde visited one of the localities of B. iucunda at Inoni, 161 km North 
of Brazzaville in Congo in February 1993. This area is ca. 650 m above sea level and 
dominated by undulating savannah with shrubs and small trees, and scattered with forest 
pockets. Begonia iucunda grows in the cracks and ledges of local rocky outcrops. Small 
individuals of the species, no more than 6 cm tall, in flower and fruit occur in small 
cracks containing little soil. However, in a deposit of loose soil at the base of a steep 
slope, and in the half-shade of small trees, B. iucunda has been observed to form
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vigorous branched plants up to 60 cm tall. The dimensions of almost all parts of these 
individuals largely exceed those of the occupants of the cliffs. This exceptional 
variation is included in the above description (de Wilde, van der Maesen & 
Moutsambote, 11.033, WAG).
Specimens examined. Congo (Brazzaville). Inoni, 161 km along the road N of 
Brazzaville, fl., fr., 6 Febr. 1993, de Wilde et a l 11.033 (W, WAG); ibidem, 8-20 May 
1950, Koechlin 718 (IEC); ibidem, 10 March 1971, Sita 3067 (IEC, P). Dem. Rep. 
Congo (Kinshasa). Lower Congo, Kimbele, between Tumba Mani and Popokabaka, 
1902, Butaye in J. Gillet 2295 (BR); S of Madimba, fl., fr. 7 Febr. 1952, Devred 1070 
(BR, K); Kimvula, 5 Jan 1959, Pauwels 1042 (BR). Kasai, Kingunda, fl., fr. 16 Febr. 
1950, Callens 2435 (BM, BR); Kambangu, fl., fr. 9 Febr. 1952, Callens 3205 (BR, K, 
iso- and holotype); Kibunda, fl., fr. 27 April 1953, Callens 3995 (BR).
Figure 5.1 Distribution of Begonia iucunda.
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5.6 CONCLUSION
There is overwhelming evidence, from both molecular and morphological 
sources, for the erection of a new monotypic section to accommodate B. iucunda.
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CHAPTER 6 Evolutionary history and biogeography of Afro- 
Malagasy Begonia
6.1 INTRODUCTION
The African flora is characterised by a comparatively low species richness 
relative to the Neotropics and Asia which has been attributed to the significant climatic 
changes during the Tertiary and Quaternary, and which would have greatly affected the 
composition and distribution of the flora and fauna, shaping the biotic diversity we see 
today (Richards, 1973). Of the estimated 1400 species of Begonia, only about 158 occur 
in Africa and Madagascar, contrasting with the over 600 species found in Asia and a 
similar number in America (Doorenbos et al., 1998).
Molecular studies of biodiversity focusing on patterns of species relationships 
can help to understand the evolutionary processes that generate diversity in tropical 
ecosystems. To date, only two molecular phylogenies are known for lowland tropical 
African plants (Harris et al., 2000; this study). As Moritz et al. (2000) pointed out: 
“While progress is being made with rain forest vertebrates, comparable studies of 
invertebrates and plants are mostly lacking. Given the prominence of tropical 
arthropods and plants in accounts of global and tropical species diversity, this is clearly 
a major omission” (p. 554). This chapter applies a biogeographic perspective to the 
African Begonia phylogenies generated from trnL and ITS sequence data in previous 
chapters.
A two-step approach is considered. The first step tests for the presence of 
heterogeneity in rates of DNA sequence evolution among African lineages of Begonia. If
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present, then a universal molecular clock cannot be assumed for the Begonia phylogeny, 
as different lineages will be acquiring mutations at different rates due to biological 
mechanisms such as differences in generation time (annual vs. perennial) or variations in 
DNA repair efficiency (Page, 1998). In this case, the second approach attempts to 
correct these lineage effects (Page, 1998) by calculating absolute rates of substitution. 
Making such corrections allows the reconstruction of divergence times, placing a time­
frame on some of the cladogenic events that have produced the extant diversity in 
Begonia.
On taxon distributions, particularly of Begonia, and the significance these might 
have in uncovering the locations of former forest refuges in Africa, Sosef (1996: 609) 
asked “What are we looking at; what do the distribution patterns indicate?” I will now 
try to answer this question. Patterns of speciation and distribution can be profoundly 
affected by global geological and climatological events. Therefore, to aid later discussions 
on speciation patterns of the genus Begonia in Africa, the geological and climatological 
changes in Africa since the end of the Cretaceous are summarised.
6.2 VEGETATION AND CLIMATE HISTORY OF AFRICA
Since the break-up of Gondwana, starting in the mid-Cretaceous, Africa has 
moved north some 15 degrees (Axelrod & Raven, 1978), reaching its present day 
position in the mid-Tertiary (Maley, 1996). There are numerous reviews on the 
geological and climatological history of Africa (Axelrod & Raven, 1978; Coetzee, 1993; 
Sosef, 1994; Maley, 1996; Wieczorek et al., 2000). This synopsis is based mainly on 
the descriptions of Axelrod & Raven (1978) and Morley (2000), which will not be 
repeatedly cited; citations are given only to additional authors.
From the late Cretaceous to the early Palaeocene (77-55 Ma) Africa was isolated 
from other land masses and climatic conditions were stable. Because Africa was situated
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approximately 15 degrees south of its present latitude a large proportion of northern 
Africa was covered by rain forest, which extended from east coast to west coast and 
from the Gulf of Guinea north to the Tethys Sea. Savannah-type woodland would have 
flanked the rain forest to the south, with subtropical rain forest dominating South Africa 
and the southern half of East Africa. Montane forests were restricted to small areas 
between zero and 10 degrees north. The terminal Cretaceous event brought about 
widespread extinctions throughout Africa, as is evidenced in the pollen record by a 50% 
fall in gymnosperm diversity at this time.
In the Palaeocene to early Eocene (65-46 Ma), the west African flora diversified 
almost without interruption. Climate was probably more seasonal, and diversification 
occurred during the change in lowland vegetation to a mosaic of rain forest and savannah 
extending over what is today the Congo Basin (Coetzee, 1993). Grass pollen was 
common in Cameroon, together with forest elements (Salard-Cheboldaeff, 1990). The 
end of the Eocene was once again marked by global cooling, most notably tracked in 
Africa by the extinction of many palms and an overall species diversity decrease, 
although this episode did not drastically alter the biotic composition of the continent.
The Miocene (23-5 Ma) was one of the most defining periods of Africa's 
geological and climatological history, and the biotic composition of African today was 
very much determined by Miocene events. The uplift of the Afro-montane region 
provided greater topographic diversity and rain forest species were able to begin 
invading higher, colder zones. Although there was a general trend throughout the 
Miocene towards ever greater aridification, the early Miocene was warm and more 
humid. Savannah woodland gradually replaced lowland forest in the central and northern 
Sahara and in parts of South Africa. At the same time the lowland rain forest belt shifted 
southwards to its almost present-day position, but probably extended continuously, 
from the west to the east coast of Africa (Coetzee, 1993). The mid-Miocene closure of 
the Tethys Sea resulted in a drier climate with significant drying effect on the rain forest 
of the Sahara. In Africa, uplift and accompanying warping and vulcanism started in the
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late Oligocene-early Miocene, together with the opening of the Great Rift Valley. By 
the late Miocene (7 Ma) the Eastern Arc mountains were uplifted, uplands produced by 
volcanic activity in West Central Africa were present, and the Gulf of Guinea islands 
had emerged. Therefore, by the end of the Miocene, most of the present topology of 
Africa was in existence.
This new face of the African continent, coupled with a drastic cooling of global 
temperature that caused the formation of ice caps in Antarctica, brought about regional 
differences in climate, resulting in widespread impoverishment of the rain forest flora 
and fauna from the mid-Miocene to the early Pliocene. There is evidence in Ethiopia of 
dense evergreen forest occurring at altitudes of between 900 and 1000 m during the late 
Miocene (8 Ma), when these upland areas served as rain forest refugia (Yemane et al., 
1987 in Coetzee, 1993); that is, areas of restricted rain forest distribution during periods 
of decreased temperature and precipitation. Importantly, few extinctions of rain forest 
plant species have been noted during the late Miocene (10-5 Ma) (Maley, 1996), 
suggesting that many present-day African lineages date from the pre-Miocene. 
Therefore, under the moister conditions of the middle and late Tertiary the African rain 
forest was probably very species rich, especially into the Miocene, but the following 
progressively drier climates eliminated many of them.
The early Pliocene (5-3.5 Ma) was characterised by moist climates, the 
expansion and diversification of rain forests and the retraction of savannah. Pollen 
assemblages from this time show increased species diversity; the late Miocene rain 
forest taxa are joined by many other species. Pollen suggesting montane elements 
(conifers) appear in the latest Tertiary. Diversity peaked just before the end of the 
Pliocene (3.5 Ma). At this time rain forest extended to 20 degrees north. At 3.48 Ma 
there is evidence for a change to a much drier climate. Late Tertiary-early Quaternary 
floras from five localities in the mountains of Cameroon show a rich environment where 
approximately 230 species were identified, most of them very similar or equivalent to 
extant species. Later this flora was affected by episodes of ice-age aridity. During the
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late Pliocene (3.5-1.5 Ma) there were much more pronounced climatic changes, with 
marked drying and cooling cycles. The Great Rift Valley developed in the Pliocene and 
early Pleistocene, as did the Congo Basin (Coetzee, 1993). 2.7 Ma marks the first 
appearance of West African gymnosperm pollen since the Cretaceous. Major arid 
phases during the late Pliocene occurred at 3.2 and 3.0 Ma, resulting in a reduced 
expanse of grasses and numerous regional extinctions. Aridification was a general feature 
of the late Pliocene.
The Quaternary (1.8 Ma to present) is characterised by marked glacial 
variations, particularly from 800,000 BP onwards. The most arid periods, coinciding 
with glaciations, resulted in fragmentation of forests and formation of forest refugia. The 
lowering of temperatures resulted in the extension of montane floras to lower altitude, 
more or less replacing lowland rain forest, and allowing the migration of montane floras 
and faunas between mountain ranges. With subsequent warming these montane floras 
would then be once again isolated on mountains. Since 2.5 Ma there have been 21 glacial- 
cycles, nine major and 12 minor (Hamilton, 1982; Hamilton & Taylor, 1991; Sosef, 
1994). The last period of maximum global warming occurred in the Holocene (last
11,000 years), while the last glacial maxima resulting in forest fragmentation occurred in 
the Pleistocene, from 160,000-130,000 Ma and from 24,000-12,000 Ma (Maley, 1996). 
Maley (1987) suggested that stratiform cloud formation across central tropical Africa 
during glacial maxima would have caused a decrease in temperature but not contributed 
to rainfall, making climatic conditions significantly more arid.
A study from Lake Barombi, located ca. 80 km from the sea in western 
Cameroon and at approximately 300 m altitude, showed that from 24,000 BP rain forest 
persisted in this area with only limited variations (Maley, 1991, 1998; Maley & Brenac, 
1998). Even when there was evidence for increase in grass pollen, and a recession in 
forest, there were still significant forest patches. There is also evidence for a mixed 
forest during cooler periods where lowland species are associated with montane species 
(Maley, 1991). This is comparable to situations seen today in hill summits around
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Yaounde, where mountain species are found in association with lowland evergreen forest 
species (Achoundong, 1985 in Maley, 1991). In contrast, areas such as Lake Sinnda, in 
southern Congo, lacked the climatic and edaphic conditions found in areas like western 
Cameroon which allowed the maintenance of rain forest during glacial maxima (Vincens 
et al., 1998). Colyn et al. (1991) questioned the degree to which montane forests 
lowered their altitudinal range during glacial periods. They postulated that lowland 
forest patches would have persisted near rivers during dry climatic periods and that the 
effects of aridification would have been less noticeable in the Congo (Zaire) Basin than 
in areas such as East Africa. In addition, they postulated that rather than montane forest 
spreading widely, it did not perhaps reach the Congo Basin but that rather this region 
maintained seasonally tropical dry forest even during glacial maxima, a scenario similar 
to that proposed for the Amazon Basin (Pennington et al., 2000).
Pollen analysis taken at Bosumtwi (Ghana) and Barombi Mbo (W. Cameroon), 
both below 500 m, have demonstrated that the montane forest indicator Olea capensis 
extended into the lowlands prior to the Holocene. At around 18,000 BP there was a 
culmination of an arid period when mean annual temperatures are estimated to have been 
3 or 4° C below the present (Maley, in press).
There are therefore, several stages in the past 77 my which mark the 
impoverishment of the hydrophilous African flora: the Cretaceous-Tertiary boundary, 
the end of the Eocene, and the end of the Miocene (Maley, 1996). Morley (2000) 
includes the period during the mid- and late Pliocene where the onset of glaciations in the 
Northern Hemisphere (and probably also the increased topographical structure of the 
continent) resulted in successive drying and cooling events. To these events should be 
added the glacial and interglacial cycles (a total of 21 events) which occurred in the Plio- 
Pleistocene, precipitated by glaciations in the northern hemisphere and accentuated by 
the increased topological structure of the African continent (Maley, 1996; Morley,
2000). Habitat-related mechanisms which could have driven speciation, such as the 
repeated contraction and expansion of forest and savannah, would have been most
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effective during the late Pleistocene (0.9 Ma) when large amplitude cycles with large 
climatic shifts occurred with short intervals.
Climatic oscillations during the Quaternary would have caused lowland forests 
(below 1500 m) to contract and expand in response. Therefore, during periods of glacial 
maxima, or when conditions were markedly dryer and cooler, lowland rain forest would 
have persisted in restricted areas. These postulated refugia would 'trap' species until 
more favourable conditions (i.e. wetter and warmer) allowed them to re-expand their 
ranges (Sosef, 1994). This would presumably occur repeatedly in concert with the 
pronounced and rapid climatic oscillations during the Pleistocene. Several workers have 
attempted to identify or give evidence for the location of these putative Pleistocene 
refugia based on either high species richness or high levels of endemism (Aubreville, 
1962; Diamond & Hamilton, 1980; Endler, 1982; Grubb, 1982; Mayr & O'Hara, 1986; 
Colyn et al., 1991; Sosef, 1994; Robbrecht, 1996) (Fig. 6.1, refugia 1-6). The postulated 
refugia generally coincide well with Afro-montane regions, although refugia have also 
been suggested in lowland regions such as the Zaire River Basin (Colyn et al., 1991) 
based on primate distributions. Recent evidence has shown that, contrary to 
expectation, high levels of endemism are not correlated with high levels of rainfall 
(Linder, 2001), but rather with areas of historical climatic stability (Lovett & Friis, 
1996). In his study of Begonia sections Loasibegonia and Scutobegonia, Sosef (1994) 
identified ten refuges, six of which had already been postulated based on the 
distributions of other plant and animal species, as well as four new refuges he proposed 
based on the distribution of species in Begonia sections Loasibegonia and Scutobegonia 
(Fig. 6.1, a-d).
These continual cycles of climatic change had a significant impact on the 
diversity and distribution of the African flora and fauna. The narrowing of forest habitat 
ranges during glacial maxima limited forest organisms to areas with continually high 
degrees of humidity and shade, such as crevasses and gallery forests in lowland areas and 
along mid-altitude regions of Africa’s montane regions. Glacial maxima would often have
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meant large numbers of local extinctions, and in some cases would eliminate entire 
lineages, or leave a few representatives of once species-rich groups.
Figure 6.1 Location of postulated glacial lowland refugia in Africa proposed by Maley 
(1987) (1-6) and Sosef (1994) (a-d). 1) Liberia; 2) West Cameroon mountains; 3) South 
Cameroon Plateau; 4) Crystal Mountains; 5) Chaillu Massif; and 6) the eastern Zaire 
(Kivu). a) Cape Palmas; b) Cape Three Points; c) Doudou Mountains; and d) the 
Mayombe. Hatched area represents present-day distribution of lowland rain forest 
(after Sosef, 1994).
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6.2.1 Geological history of Madagascar and other African offshore islands
6.2.1.1 Madagascar
Madagascar is situated ca. 300 km from the coast of Mozambique and reaches an 
altitude of 2867 m. Once part of Gondwana, Madagascar separated from eastern Africa 
during the end of the Jurassic (ca. 140 Ma) via the Davie Ridge transformation fault as a 
result of oceanic expansion which ended in the lower Cretaceous (110 Ma) (Frohlich, 
1996). However, it did not separate from India and the Australo-Antarctic continental 
bloc until the beginning of the upper Cretaceous (88 Ma) (Storey et al., 1995; Frohlich, 
1996) and as a result the Malagasy flora, particularly in the eastern humid forests, has 
strong affinities with the indo-australo-malesian floras (Schatz, 1996). Therefore, the 
flora of Madagascar consists of Gondwanan elements, and the result of continuous 
dispersal events across the Indian Ocean (Schatz, 1996). The latter can be divided into 
(a) those which occurred along “Lemurian Stepping-stones” and (b) continuous long 
distance dispersal events, many of them recent, resulting from ocean currents and 
prevailing winds (Schatz, 1996). O f the 10,000 to 12,000 plant species found on 
Madagascar over 80% are endemic (Rajeriarison, 1996), including the ca. 50 species of 
Begonia (except the widespread African B. oxyloba and a few introduced species) 
(Keraudren-Aymonin, 1983). Begonias on Madagascar are found predominantly in 
northern and eastern forests.
6.2.1.2 Mauritius and Reunion
Mauritius is volcanic in origin and situated 840 km from Madagascar and 
approximately 200 km from Reunion. The island is dated at about 7.8 Ma (Emerick & 
Duncan, 1982). Mauritius has a varied topography with ranges of peaks, plateaux and 
low lying plains, but only reaches a maximum altitude of 826 m and therefore is less 
habitat-rich than Reunion. There are 800-900 native species of plants, roughly one third 
of which are endemic (Strahm, 1984).
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Reunion is situated 780 km from east of Madagascar and is estimated to be 2 Ma 
(Emerick & Duncan, 1982). Reunion has a central massif which reaches an altitude of 
3069 m. There are an estimated 500 species of indigenous seed plants. As Reunion is 
younger than Mauritius, it presumably gained at least some of its plant species from 
Mauritius.
Begonia salaziensis is the only Begonia species endemic to these islands. Most 
of the populations of B. salaziensis occur on Reunion. In the treatment of section 
Mezierea (Klazenga et al., 1994) only four collections are recorded for Mauritius, in 
contrast to almost 30 in Reunion.
6.2.1.3 The Comores
The Comores are situated at the northern end of the Mozambique Channel, and 
consist of four main islands: Mayotte, Anjouan, Moheli and Grande Comore. These 
islands are mostly basalt and range in altitude from 660 m in Mayotte to 2361 m in the 
island of Grande Comore. The Comoro Islands exhibit a geomorphological progression 
of oceanic island chains from the still-active Grande Comore to the highly eroded 
Mayotte. Age estimates for the islands show that Grande Comore is recent (0.01 ± 0.01 
Ma), followed by Anjouan (1.52 ± 0.10 Ma), Moheli (2.81 ± 0.08 Ma), and Mayotte 
(5.40 ± 0.01 Ma) (Emerick & Duncan, 1982). Begonia comorensis is the only Begonia 
species endemic to this group of islands. It is morphologically very similar to B. 
seychellensis of which it has been a synonym in the past (Keraudren-Aymonin, 1983).
6.2.1.4 Sao Tome
Sao Tome is one of four islands in the Gulf of Guinea. It lies 250 km off the 
coast of Gabon and is 47 km long and 27 km wide. Sao Tome reaches a maximum 
altitude of 2024 m at the summit of the Pico de Sao Tome. It has the greatest 
angiosperm diversity and highest level of endemism of the volcanic Gulf of Guinea
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islands (Bioko is a continental island), with a total of 601 species of which 81 are 
endemic (Figuereido, 1994).
Although the ages of rocks from Sao Tome reach back as far as 13 Ma, it is 
unclear whether the island was emergent at this time (Barfod, pers. comm., 2001). The 
earliest volcanic rock dated from Sao Tome is approximately 13 Ma. However, the date 
for the earliest unequivocal above sea-level deposits of volcanic origin come from basalt 
flows which are up to 3 Ma (Barfod, pers. comm., 2001). However, on nearby Principe 
emergent basalt flows as old as 24 Ma have been found.
There are eight species of Begonia on Sao Tome of which four (B . baccata, B. 
crateris, B. molleri and B. subalpestris) are endemic.
6.3 METHODS
6.3.1 Taxon sampling and sequences
The same 77 species and sequences were used for molecular clock estimates as in 
the combined ITS and trnL analysis in Chapter 3. Datisca glomerata and D. cannabina 
were again used as outgroups.
6.3.2 Phylogenetic relationships
The same random parsimonious tree resulting from the maximum parsimony 
analysis of 77 combined ITS and trnL intron sequences in Chapter 3 was used (Fig. 3.5) 
to carry out a molecular clock analysis and estimate node ages. To test rate 
heterogeneity and determine node age estimates the combined ITS and trnL intron 
topology was used onto which only the ITS data was optimised. The optimisation of 
ITS over that of the trnL intron was preferred because non-parametric rate smoothing 
(NPRS) is known to be inaccurate when sequence divergence is low (Sanderson, 2001).
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6.3.3 Molecular clock analyses and calibrations
Branch lengths were fitted to one of the most parsimonious trees derived 
from the combined analysis onto which the ITS data analysis was optimised. Modeltest
3.06 (Posada & Krandall, 1998) was run before carrying out the likelihood ratio test to 
investigate which likelihood model best fits the ITS data. The best-fit model selected by 
the AIC in Modeltest was TrNef+I+G. This model assumes an equal base frequency, 
equal rates for transversions but a different rate for transitions (Rmat = (1.0000 3.8096
1.0000 1.0000 5.0926)), a gamma distribution with shape = 0.6181 and a low level of 
invariable sites (Pinvar = 0.1704). A likelihood-ratio test (LRT) was used to assess 
whether substitution rates in ITS are clock-like (Felsenstein, 1981). The basic premise 
behind the LRT is that the likelihood of a tree that is constrained by clock-like change 
will be significantly different from one that is not constrained by a molecular clock. In 
this case the molecular clock is the null hypothesis. This statistic may be found by 
twice the difference in log likelihood of branch lengths between a rate-constrained tree 
and a tree that has no constraints on branches [2A = -  In constrained -  (-In 
unconstrained)]. The degrees of freedom is calculated by n-2, where n is the number of 
taxa. The resulting log likelihood is then compared to a $  (chi-squared) distribution. If
the log likelihood is greater than 95% percentile of the distribution, then the null
hypothesis (molecular clock) is rejected.
6.4 RESULTS
The maximum likelihood model described above was used to fit ML branch lengths to 
one of the most parsimonious trees in the combined analysis on which only the ITS data 
was optimised. The log likelihood of the constrained model was 4660.68, and that of the 
unconstrained model 4539.28. The chi-squared value was therefore 121.4 with 75 
degrees of freedom, hence the molecular clock was rejected with p < 0.005. In cases 
where the molecular clock is rejected an ultrametric tree (i.e. a tree in which all terminal
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tips are equidistant from the root) can be used to estimate divergence times on the basis 
of parsimony branch lengths, using a non-parametric rate smoothing (NPRS) function 
(Sanderson, 1997).
NPRS (Sanderson, 1997) was chosen to construct an ultrametric tree as 
implemented by TreeEdit version 1.0 alpha 4-61 (Rambaut & Charleston, 2000). Non- 
parametric rate smoothing does not assume equal substitution rates (i.e. a perfect 
molecular clock) across the tree like other methods such as Langley-Fitch (Sanderson,
2001), but rather attempts to minimise the ancestor-descendant rate difference for every 
node of the tree. It will therefore smooth local transformations in rate as it changes 
across a tree. It is driven by the likelihood that evolutionary rates are autocorrelated in 
time, and therefore that there is a degree of rate heritability, although the degree of 
autocorrelation is not fixed to any one value. This means that in cases where, for 
example, terminal species have an accelerated substitution rate, reflected as a long 
branch, the length of the branch will be corrected according to other branch lengths in the 
same clade.
To calibrate the tree in absolute time maximum dates of 7.8 Ma and 2 Ma, 
equivalent to the ages of Mauritius and Reunion respectively, were used to constrain the 
age of B. salaziensis; B. salaziensis occurs on both islands. An additional age constraint 
for the node leading to B. baccata of 13 Ma, equivalent to the maximum age of volcanic 
rock found on Sao Tome, was used as a cross-validation point. Begonia comorensis was 
also included in the analysis, but its maximum age of 5.4 Ma (maximum age of Mayotte, 
the oldest of these volcanic islands) was not used because of the sister relationship 
between B. salaziensis and B. comorensis and the inability in TreeEdit to constrain more 
than one node.
The results of the NPRS are summarised in Figure 6.2 and discussed below.
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Figure 6.2 One most parsimonious tree resulting from the analysis of combined trnL 
intron and ITS sequence data. Branch lengths are proportional to the number of changes 
in the ITS data. Asterisks indicate African species which originated in the Pleistocene 
(when B. salaziensis is calibrated at 2 Ma). AF = mainland Africa; ST = Sao Tome; 
MAU = Mauritius; REU = Reunion; and Mad = Madagascar. Section names are given 
after the African species. African species are in black, Asian in green and American in 
blue.
6.5 DISCUSSION
6.5.1 Dating the phytogeny
Figure 6.2 shows a topology resulting from the parsimony analysis of the 
combined nuclear and plastid data. Branch lengths are proportional to the changes in the 
ITS data. The three calibration dates for this phylogeny ranged from 2 Ma to 13 Ma. 
The maximum differences in ages of nodes when values of 2 and 7.8 Ma were used to 
date the divergence between the B. salaziensis and B. comorensis lineages, varied by as 
little as 1.5 my in terminal nodes to almost 38 my for basal nodes such as that defining 
the origin of Begonia. On continental Africa, it is therefore difficult to estimate which of 
the dates may be more accurate, especially in the absence of fossil evidence or multiple 
events representing multiple dates which can be used to calibrate different parts of the 
phylogeny. The age of Sao Tome was used for this purpose. It is an old island compared 
to other islands like Reunion or Mauritius, and the fact that it is a volcanic island which 
has never been connected to the mainland (G. Fitton, pers. comm., 2001) means that it is 
unfit to use to calibrate the phylogeny as dispersal could have occurred at any time 
during the last 13 Ma. This is a significant problem when using the age of islands as 
calibration dates. The node in a phylogeny corresponding to a particular island is not the 
age of the origin of the island but the range from the origin of the island to the present, as 
in fact dispersal onto a volcanic island may have occurred very recently, unless there is 
proof to the contrary. In situations where species are endemic to an island that is part of 
an island chain (e.g. Hawaiian Islands), species or lineages may actually pre-date the age 
of the island, having dispersed there after the island arose and become extinct elsewhere. 
The ages of islands like Sao Tome, however, can be used to check the accuracy of other 
calibration points in this phylogeny. For example, when the origin of B. salaziensis is 
dated at 7.8 Ma, the age of the node leading to B. baccata is 11.74 Ma which is well 
within the earliest age known for this island.
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Having dates for only terminal nodes of the phylogeny can create greater 
standard deviation errors towards the base of the tree. Ideally, there should therefore be 
more than one calibration point, and at least one of these should occur close to the base 
of the tree. Terminal node dating is probably unable to accurately predict rate changes, 
which might have occurred earlier in the phylogeny. Keeping these problems with dating 
phylogenies in mind, the ages presented below should be considered with caution, as 
preliminary estimates for certain events in Begonia evolution.
Age estimation throughout the phylogeny using the age of Reunion (2 Ma) to 
calibrate the divergence between the B. salaziensis and B. comorensis lineages gives a 
remarkably good fit to the numerous hypotheses presented on the evolutionary history 
of African organisms in the last 6-10 Ma. These estimates are consistent with 
hypotheses based on plant distributions, plant and animal fossil finds, geological 
evidence, and other phylogenetic evidence, which are discussed below.
It does, however, give an estimated age for Begonia of 14 Ma, which seems 
recent for such a widespread and species-rich genus. This however, is consistent with 
the age of Begonia previously estimated at 26-9 Ma based on percent divergence 
between ITS sequences (Forrest, 2000). The 14 Ma estimate for Begonia does not seem 
aberrantly recent when compared to age estimates for other plants groups such the 
legume genus Inga. Consisting of ca. 300 neotropical rain forest trees, Inga is estimated 
to have speciated in the last 10 my, and therefore a product of recent speciation 
(Richardson, et al., 2001). Alternatively, the earlier date of 51 Ma when B. salaziensis is 
calibrated based on the age of Mauritius (7.8 Ma) puts the origin of Begonia in the 
Palaeocene, which seems remarkably early. Wagstaff & Dawson (2000) mapped fossil 
ages on a Cucurbitales phylogeny. Rates were not tested for homogeneity and no rate 
smoothing was carried out. Within the Cucurbitales, Begonia is significantly derived, and 
the taxonomically nearest fossil to Begonia known is one identified as belonging to the 
Tetramelaceae, the sister family to Begoniaceae + Datiscaceae. The age for this fossil is
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given as 55 Ma. The given topology (p. 139) in their study does not reflect a 
homogeneous molecular rate and suggests a date later than 51 Ma for Begonia.
Using the later calibration for B. salaziensis (2 Ma) gives an age of 10 Ma for the 
split between the two known species of genus Datisca used as the outgroup in this 
study. A similar age for this division was found based on cpDNA restriction site 
variation, where a substitution rate of 10'9 nucleotides per site per year and a constant 
molecular rate was assumed, giving an estimate of 8.7 ± 1.7 Ma for the split between D. 
cannabina and D. glomerata (Liston et al., 1992).
Divergence rates in numbers of substitutions per site per year can be calculated 
for Begonia using branch lengths (number of autapomorphies) for B. salaziensis in the 
ITS phylogeny and the estimated age for this species (Reunion at 2 Ma or Mauritius at 
7.8 Ma). This can be calculated as follows (the estimated of 2 Ma is used for this 
example): First, the number of substitutions per my is calculated (branch length (l)/age 
of taxon (2 Ma) = 0.5 substitutions/my); secondly, to obtain the number of 
substitutions per site per my the number of substitutions per year is divided by the 
total number of sites, in this case the length of ITS (0.5/401 = 1.24 x 10'3 no. of 
substitutions/ site/ my) and then divided by one million to give the number of 
substitution per site per year (1.24 x 10'9 subs/site/yr). Using this method estimates for 
substitution rates for B. salaziensis are 1.24 x 10'9 subs/site/yr (when using the age for 
Reunion) or 3.2 x 10'10 (when using the age for Mauritius). These results can then be 
compared to those compiled for other genera (Table 6.1; Richardson et al., 2001). The 
faster rate of 1.24 x 10‘9 subs/site/yr is comparable to that found in other herbaceous 
genera, particularly that reported for Saxifraga (Table 6.1). Generation times for 
Begonia can be very short, and in some cases is less than a year (personal observation in 
cultivation), which could account for this accelerated rate. Estimates of substitution 
rates given by using the age of Mauritius (7.8 Ma) as a calibration point give rates 
comparable to those found in Winteraceae, a genus of trees with a slow generation time 
(Table 6.1). These slow rates are unlikely in a genus like Begonia, and are therefore
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rejected. These results give strong and further support for hypotheses of African 
Begonia evolution based on a 2 Ma divergence estimate for B. salaziensis.
The argument and results presented above strongly favour a 2 Ma calibration for 
B. salaziensis and the resulting node age estimates using this calibration are discussed 
below.
6.5,2 Begonias in Madagascar
In previous chapters, evidence has been presented that shows the endemic 
Malagasy species of Begonia to be monophyletic. In evolutionary terms, this 
demonstrates that they are the result of a single colonisation event, followed by insular 
speciation and subsequent dispersal to offshore islands such as the Mascarenes, 
Comores or Seychelles (Fig, 6.2). This pattern of colonisation and speciation on 
Madagascar has been observed in other organisms such as murids (Jansa, 1999), but no 
explicit molecular evidence is known for other plant genera. Other groups, such as 
Streptocarpus (Gesneriaceae), show patterns indicating that the Malagasy species are 
the result of more than one colonisation event (Moller & Cronk, in press) from the 
African mainland. Similarly, although adapted to dry tropical forest rather than rain 
forest, the Malagasy species of the legume genus Ormocarpum, have been shown to be 
the result of two dispersal events postulated to have occurred sometime in the Tertiary 
(Lavin et al., 2000).
How Begonia could have reached Madagascar remains unclear, because the fruit 
type of the ancestor of these species is ambiguous. The basal Malagasy dichotomy in 
the trnL phylogeny (Fig. 2.4 in Chapter 2) leads to a clade consisting of species with 
fleshy winged fruits (section Erminea) and to another clade consisting predominantly of 
dry, wing-fruited species (the fleshy-fruited endemic Malagasy species are nested 
within this second clade). Species in section Erminea possess fleshy fruits, yet these 
fruits are also winged and all species have true axillary placentation, where the placentae
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grow out of a central vertical column. This is the common placental type in Begonia 
correlated with the presence of wings. However, fleshy fruits are believed to be bird 
dispersed and would therefore be good candidates for trans-oceanic dispersal, so it may 
have been that the first begonias to arrive in Madagascar had fleshy fruits. Further 
evidence of this can be found in Figure 3.6 (Chapter 3) where the combined ITS, trnL 
intron and 26S phylogeny shows the fleshy fruited, mainland African species B. meyeri- 
johannis as sister to a Malagasy clade.
Although the fruit type of the ancestor of Malagasy endemic begonias remains 
hypothetical there is evidence for what may be a more recent dispersal to Madagascar. 
Begonia oxyloba is a widespread species that occurs widely on the African mainland and 
is also found on Madagascar. Its indehiscent fruits mature reddish-green and the seeds 
are faintly ornamented suggesting animal dispersal (de Lange & Bouman, 1991). 
Although nothing is known about the actual disperser, its presence on Madagascar and 
its occasional growth as an epiphyte suggests bird dispersal. This may be an indication 
of the mechanism behind the earlier dispersal event which led to the significant 
speciation of the endemic species on Madagascar.
Dates for the origin of Begonia in Madagascar range from 12-47 Ma.
Madagascar split from Gondwana in the early Cretaceous, ca. 140 Ma. However, 
geological studies on the Davie Fracture Zone of the Mozambique channel have 
suggested the presence of a land-bridge between Madagascar and mainland Africa from 
the mid-Eocene to early Miocene (45-26 Ma), coinciding with the ages of some 
Malagasy mammalian groups (McCall, 1997). Choosing the earlier estimate of 47 Ma 
for the divergence of the endemic Malagasy group of begonias predates the presence of 
this land-bridge. The preferred later age of 12 Ma would make the presence of a land- 
bridge between these two land masses too early for it to have been instrumental in the 
dispersal of Begonia to Madagascar.
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6.5.3 The Sao Tome refuge: neoendemics or palaeoendemics?
Of the eight species of Begonia found on Sao Tome, four are endemic (Table 
6.2). Begonia baccata and B. crateris make up the endemic Sao Tomean section 
Baccabegonia, whereas B. molleri and B. subalpestris belong to section Tetraphila, 
which includes 28 additional mainland African species. Of the non-endemic species B. 
thomeana (section Cristasemen) has a disjunct distribution, occurring only on Sao Tome 
and in the Massif du Chaillu in Gabon. The remaining non-endemics found on Sao 
Tome, B. annobonensis (section Sexalaria), B. ampla (section Squamibegonia) and B. 
loranthoides (section Tetraphila), have populations both on Sao Tome and on the 
mainland, and are either widespread on the mainland or have populations near the coast 
in Cameroon and Gabon.
On the basis of pollen morphology data, van den Berg (1984) suggested that 
species in section Baccabegonia are palaeoendemics (relicts of a group which once had a 
much wider distribution). The NPRS analysis gives younger ages for the endemic 
species of section Baccabegonia (B. baccata) than the two endemics of section
Table 6.2 Table showing distribution of Begonia species found on Sao Tome.
Species (Section) Presence in Sao Tome
Begonia baccata (Baccabegonia) Endemic
Begonia crateris (Baccabegonia) Endemic (not sampled)
Begonia molleri (Tetraphila) Endemic
Begonia subalpestris (Tetraphila) Endemic
Begonia loranthoides (Tetraphila) Sao Tome, Principe, Cameroon to Congo
(Kinshasa)
Begonia ampla (Squamibegonia) Sao Tome, Central Africa
Begonia thomeana (Cristasemen) Sao Tome, Gabon
Begonia annobonensis (Sexalaria) Sao Tome, Principe, Pagalu, Cameroon
168
Tetraphila (B. molleri and B. subalpestris) regardless of the calibrations used. The age 
difference between these two endemic lineages varies between one and two million 
years. The endemic Sao Tome species from section Tetraphila, together with the 
mainland and Bioko species B. furfuracea, are sister to the rest of the section. These 
species have retained some primitive characters such as twisted stigmas (most common 
type in the genus), unlike other members of the section which have a diverse array of 
gynoecia types (Figs. 6.2 and 6.3). Begonia molleri and B. subalpestris are 
morphologically distinct from each other in flower size and leaf pigmentation, but at the 
same time conform to the general tetraphiloid morphology (i.e. presence of long fusiform 
fruits) and are morphologically comparable to their mainland sister taxon B. furfuracea. 
In contrast, the two species in section Baccabegonia are morphologically very similar, 
differing mainly in the degree of pubescence. However, unlike B. molleri and B. 
subalpestris, they are morphologically very distinct from their sister group, section 
Squamibegonia. Taking into account these morphological comparisons, the similar ages 
of the Sao Tomean endemics in section Tetraphila (4.67-18.23 Ma) and section 
Baccabegonia (3.01-11.74 Ma) is surprising since, based on morphology, one would 
assume section Baccabegonia to be considerably older. Therefore, within Tetraphila, B. 
molleri and B. subalpestris appear to be the result of an early dispersal to Sao Tome 
from a tetraphiloid ancestor, and could therefore be considered palaeoendemics. The 
phylogenetic position of the giant terrestrial B. baccata, nested within a clade consisting 
of smaller epiphytes, suggests a classical island radiation scenario where a new 
colonising species adapts, often adapting radically different habits like gigantism, in a 
new environment with little competition (Carlquist, 1965, 1974). Examples of this type 
of innovative insular adaptations have, for example, been found in the acquisition of 
woodiness in Echium (Boraginaceae) and Sonchus (Compositae) in Macaronesia 
(Baldwin et al., 1998). However, the premise that tetraphiloid species such as B. molleri 
and B. subalpestris would have already been present on Sao Tome at that time suggests 
that B. baccata and B. crateris could be palaeoendemics, and hence would have once 
been part of a more widespread group of taxa that became extinct on the mainland.
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Baldwin (1998) interpreted island groups as palaeoendemics if they and the continental 
sister group are derived from a common ancestor (as opposed to island species being 
descendants of a most recent common ancestor, as is the case for neo-endemics). This 
palaeoendemics definition agrees with the sister relationship between the insular section 
Baccabegonia and its sister group, the continental section Squamibegonia. Age 
estimates for section Baccabegonia range from 3 to 11.7 Ma, depending on whether B. 
salaziensis is calibrated on the age of Reunion (2 Ma) or Mauritius (7.8 Ma).
The ca. 3 Ma estimate for the age of B. baccata coincides with the age given for 
the earliest known unequivocal above-seal-level deposits of volcanic origin on Sao Tome. 
However, estimates for B. molleri and B. subalpestris are older (4.67 Ma), suggesting 
that Sao Tome could have been above sea level before 3 Ma. The earliest submarine 
volcanic deposits known from Sao Tome are from ca. 13 Ma, but equally there is no 
evidence that this rock was above sea level at that time. Dating the node between B. 
baccata and section Squamibegonia (B. ampla, B. poculifera and B. bonus-henricus) at 
13 Ma gives a date for the age of B. salaziensis earlier than that of the island of 
Mauritius (7.8 Ma). This points towards some of the problems of dating phylogenies 
based on the ages of islands, particularly older islands such as Sao Tome. If the situation 
for Sao Tome is common among islands (i.e. that the age estimated for an island is 
possibly not equal to the actual age the island has been above sea level) then nodes in 
dated phylogenies will be estimated as being older than their actual ages.
More recent dispersal events are evident in B. ampla, B. poculifera, B. thomeana, 
B. annobonensis and B. loranthoides, which are found both on the African mainland and 
on Sao Tome and other Gulf of Guinea islands. As noted above no species in section 
Tetraphila occur both on mainland Africa and on Sao Tome.
Sao Tome is not commonly highlighted as being an important historical climatic 
refuge. Much more attention has been paid to the postulated rain forest refuges of 
continental Africa. For Begonia, the island of Sao Tome appears to be an important pre-
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Pleistocene refuge. Its situation ca. 250 km from the mainland ensured that its flora and 
fauna would be buffered from the climatic conditions that perturbed the mainland. Even 
taking the latest dates estimated on the combined phylogeny, the endemic begonias of 
Sao Tome are of pre-Pleistocene origin. Begonia thomeana, present in both Sao Tome 
and the Massif de Chaillu in Gabon, dates from the late Miocene (6.6 Ma). The endemic 
begonias of Sao Tome are therefore relicts of lineages which might have formerly been 
more widespread on mainland Africa.
6.5.4 Refuge begonias on mainland Africa
The distributions of species of Begonia in sections Loasibegonia and 
Scutobegonia have been used to indicate the position of postulated Pleistocene rain 
forest refugia. Sosef (1994) argued that the location of former refuges could be deduced 
from the present-day distribution of this group of begonias because of the high degree of 
endemicity in this group and the inability of the seeds to disperse effectively, usually 
dropping to the ground below the mother plant. Species from both these sections 
originated relatively recently (3.8-14.96 Ma), compared to other sections in the same 
clade (Clade 2, Fig. 6.3). The most recent node within these sections is dated at 0.52 Ma 
using the latest calibration date of 2 Ma for Reunion. Therefore, many of the species in 
these sections would have arisen during the late Pleistocene when continuous large-scale 
climatic oscillations may have driven speciation (and extinction). However, not all 
species in sections Loasibegonia and Scutobegonia evolved at this time, and it is 
probable that these so-called Pleistocene refugia have served as such since the end of the 
Miocene. It would be of interest to sample these groups more extensively to estimate 
what percent of species actually originated during the Pleistocene. Significantly, using 
the same calibration date, many of the species in section Tetraphila (Fig. 6.3, Clade 1; 
Fig. 6.1) were already in existence at the beginning of the Pleistocene. Putative vicariant 
events which lead to the restricted distribution of B. cavallyensis in the Upper Guinea 
region (Ivory Coast and Sierra Leone) and B. horticola in Eastern Congo (Kinshasa) and
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CLADE ■c Ee
CLADE 2
B. baccata Sao Tom£
*B. ampla 1 Central Africa
*B. bonushenricus Cameroon, Bioko
*B.poculifera I Nigeria to Tanzania and Angola
B. loranthoides] Cameroon to Dem. Rep. Congo, Sao Tom6, Principe
B. longipetiolata I Nigeria to Dem. Rep. Congo
B.ebolowensis Cameroon, Equatorial Guinea, Gabon, Dem. Rep. Congo
B.gabonensis Gabon
*B.kisuluana Nigeria to Uganda, south to Angola
*B.capillipes Cameroon, Equatorial Guinea, Gabon
*B.preusii Nigeria, Cameroon, Bioko
B.subscutala Cameroon to Congo and Dem. Rep. Congo
*B.oxyanthera Nigeria, Cameroon, Bioko
*B.maniil West and Central Africa
*B.horticola Congo, Dem. Rep. Congo, Uganda
B.polygonoides West and Central Africa
B.eminii Central and East Africa
*B.cavallyensis Guinea to Ivory Coast
*B.fusialata West and Central Africa
B.molleri Sao Tome
B.subalpestris Sao Tome
B.furfuracea Cameroon and Bioko
*B.quadrialata West and western Central Africa
*B.potamophila Cameroon, Gabon, Congo
*B.scapigera Nigeria, Cameroon, Gabon, Congo
*B.duncan-thomasii Cameroon
*B.letouzey Cameroon, Gabon, Congo
B.prismatocarpa Ivory Coast, Cameroon, Bioko
B.dewildei Gabon
B.asplenifolia Gabon
B. thomeana Sao Tom6, Gabon
B. iucunda Congo, Dem. Rep. Congo
B. meyerijohannis East Africa
Figure 6.3 Part of one most parsimonious tree resulting from the analysis of combined 
trnL intron and ITS sequences showing the distribution of West and Central African 
begonias. Asterisks indicate African species which originated in the Pleistocene (when B. 
salaziensis is calibrated at 2 Ma). The grey boxes denote Sao Tome endemics.
Uganda, and Mayombe in Congo (Brazzaville) occurred 1.6-1.7 Ma, as a result of 
widespread aridification at the end of the Pliocene.
Phylogenetically isolated or basal species of African Begonia, such as B. iucunda 
and B. thomeana occur in refuges on the periphery of the main forest refuges identified 
in Cameroon and Gabon. These included Sao Tome, the Chaillu Massif and the western 
Congo (Kinshasa)/Zaire and Mayombe regions. Begonia iucunda is distributed in ravines 
in areas dominated by savannah vegetation in western Congo (Kinshasa) and in southern 
Congo (Brazzaville) (Chapter 5). These areas mainly fall outside the Mayombe refuge
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identified by Sosef (1994) but are included in the larger western Congo/Zaire region 
(Maley, 1987).
The fleshy-fruited species of African Begonia do not have the strict pattern of 
endemism seen in other sections such as Scutobegonia or Loasibegonia, possibly due to 
the better dispersal capability conferred by bird vectors. They do show one main area of 
endemism in the Lower Guinea region (in Cameroon and Gabon), and two minor ones, 
one in the Upper Guinea region (Sierra Leone/Liberia/Ivory Coast) and the other in the 
Lake Kivu region. However, most species have a relatively broad central African 
distribution with a centre of diversity in Cameroon and Gabon. Few species occur in the 
other phytogeographic areas. Because afro-montane regions in Africa can be considered 
as ecological islands, it would be plausible that these small numbers of species in the 
Upper Guinea and Kivu regions could be the result of dispersal. However, dispersal 
probably did not account for this distribution since age estimates for both B. horticola 
(Lake Kivu region, Western Congo) and B. cavallyensis (Upper Guinea) are very similar 
suggesting they are the result of the same event. When B. salaziensis is dated at 2 Ma 
their ages are 1.65 Ma for B. horticola and 1.8 Ma for B. cavallyensis. When B. 
salaziensis is dated at 7.8 Ma their age is 6.4 Ma for B. horticola and 6.95 Ma for B. 
cavallyensis. This example further emphasises the difficulties in estimating correct ages 
for nodes. Both the later dates in the Pleistocene and the earlier dates during the late 
Miocene coincide with major widespread aridification in tropical Africa, which could 
lead to vicariance in the different regions. One would suspect that if they became 
isolated from other populations during the Miocene they might not be the only species 
occurring in this area, but that the climatic cycles during the Pleistocene may have driven 
speciation. The fact that they are single species within clades of morphologically similar 
species suggest that their split was more recent than the Miocene. All these conjectures 
are precarious, and unfortunately there is no fossil evidence for Begonia to place age 
estimates on deeper nodes.
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Age estimates might be made more accurate in future work on Begonia, by 
combining the dates we know for African begonias based on the age of a small number of 
islands, with dates from geological events in other continents such as the closing of the 
Isthmus of Panama in the Neotropics or the age of some tropical Asian islands.
6.5.5 Speciation patterns in wet tropical Africa
The phylogeny of African begonias is one of only two known evolutionary 
studies of African rain forest plants, the other focusing on Aframomum (Zingiberaceae) 
(Harris et al., 2000). Here I compare the patterns shown by Begonia with other rain 
forest species. Molecular phylogenies of birds, mammals, lizards, frogs and salamanders 
from tropical regions of the Neotropics, Africa and Australia suggest that most 
speciation events in tropical rain forests pre-date the Pleistocene (Moritz et al., 2000). 
There is evidence for this in Begonia, where most African species seem to have 
originated prior to the Pleistocene. Several phylogenetic and biogeographic studies 
carried out on birds in Africa have found lowland rain forest faunas to be ancient, 
whereas species occurring in montane regions are relatively derived (Fjeldsa, 1994; 
Fjeldsa & Lovett, 1997; Roy, 1997; Roy et al., 2001).
Studies in African greenbuls (genus Andropadus) have shown the montane 
species to be a derived monophyletic group of Plio-Pleistocene age, whereas the lowland 
species are of Miocene age (Roy, 1997). A similar pattern was found among akalats 
(genus Sheppardia), a group of African forest birds (Roy et al., 2001). In the African 
frog genus Hyperolius molecular phylogenetic studies indicate that lowland rain forest is 
postulated to have been the ancestral habitat (as opposed to savannah), and it was 
hypothesised that these species originated 30-25 Ma, when lowland forests extended 
from coast to coast.
It has been suggested that the distribution of relatively old species in tropical 
rain forests may reflect a general pattern world-wide (Moritz, 2000). For plant
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speciation patterns the correlation between geographical distribution, ecological 
distribution and age seems to be less clear. Studies on African violets {Saintpaulia) have 
revealed patterns that are the converse of those found for animals (Lindqvist & Albert, 
1999, 2001). Lindqvist & Albert (2001: 39) noted “a phylogenetic trend from higher 
elevation to lower elevation among the major clades of Saintpaulia”. The basal species 
occur at high elevation in the Usambara Mountains. In the ginger genus Aframomum 
branch lengths resulting from the cladistic analysis of ITS sequences are very short, 
indicating a significant lack of molecular sequence divergence in contrast with the high 
levels of observed morphological variability (Harris et al., 2000). These authors 
postulated that the genus Aframomum as seen today is the result of a rapid radiation 
which probably took place during the Pleistocene. Similar results were found for the 
diverse genus legume genus Inga in South America; the ca. 300 species comprising the 
genus have very little sequence divergence and much of its diversification has been 
calculated to have occurred in the Pleistocene (Richardson et al., 2001).
Even with recent calibration estimations, much of the deeper variation in Begonia 
seems to have arisen at the end of the Miocene. Some clades within species-rich groups 
such as sections Tetraphila, Loasibegonia and Scutobegonia, the largest Begonia 
sections in Africa, seem to have arisen during the Pleistocene. Of the seven sampled 
species in sections Loasibegonia and Scutobegonia five are estimated to be of 
Pleistocene origin. All three species in section Squamibegonia are dated from the 
Pleistocene as are eight of the 18 species in section Tetraphila. The remaining species in 
sections Loasibegonia, Scutobegonia and Tetraphila, however, were probably already in 
existence in the Pliocene. Therefore, Begonia seems to show patterns similar to those 
found in some animals, with a significant proportion of its diversity being of pre- 
Pleistocene origin, but with evidence of recent Pleistocene radiations in some lineages.
Unfortunately, trnL intron, ITS and 26S give contradicting estimates of 
relationships between the East and South African species of Begonia in sections 
Rostrobegonia (B. engleri and B. johnstonii), Sexalaria (B. annobonensis) and Augustia
175
(B. homonyma, B. dregei and B. sutherlandii), so it was deemed unwise to discuss them 
widely here. However, the clade consisting of species in section Rostrobegonia (B. 
engleri and B. johnstonii) and section Sexalaria (B. annobonensis) diverged during the 
late Miocene (12 Ma) during the widespread aridification of Africa. The divergence of B. 
annobonensis from B. johnstonii is estimated at 4.6 Ma. Species in sections 
Rostrobegonia and Sexalaria are generally adapted to more seasonal conditions and 
while Begonia annobonensis is restricted to the western part of Africa, B. engleri and B. 
johnstonii are distributed in southern African. The divergence between B. annobonensis 
and B. johnstonii coincides with the early Pliocene which was characterised by moist 
conditions and expansion of rain forest in place of savannah. Therefore, unlike the 
vicariant events which formed the distributions of West and Central African species of 
Begonia, namely the expansion of savannah, those which affected species in sections 
Rostrobegonia and Sexalaria could have been the exact opposite: the expansion of rain 
forest, leaving B. annobonensis isolated on the west coast of Africa. In contrast to the 
sections just mentioned, the also southern African section Augustia is of relatively 
recent origin estimated at 1.4 Ma, with B. homonyma and B. dregei of Pleistocene origin.
Their closer relationship of these sections (Augustia, Rostrobegonia, Sexalaria 
and Peltaugustia) to American and Asian species rather than the African lowlands rain 
forest species of the genus make them particularly intriguing. Unravelling their 
relationships with other species in the genus should give further insights into the 
massive diversification of Begonia in the Neotropics and Asia.
6.6 CONCLUSIONS
Using the age of islands to calibrate nodes in a phylogeny can present problems 
because island ages will tend to give an estimate of maximum age for endemic species. 
Even if the range of a calibration point can be estimated to a narrow degree of accuracy, 
more than one calibration point is essential to cross-validate the ages of different nodes.
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In this respect, even giving confidence values to nodes via methods such as 
bootstrapping, will give no increase in confidence, since trans-oceanic dispersal to 
islands can occur at any time.
Age range estimates for Begonia in Africa were broad when the ages of Reunion 
(2 Ma) and Mauritius (7.8 Ma) were used for the origin of B. salaziensis. Age intervals 
ranged from only 1.5 my for some terminal nodes to 38 my for basal nodes. However, 
assuming a more recent origin age for B. salaziensis (2 Ma) provides age estimates in 
other parts of the phylogeny which agree with patterns observed in other African 
organisms (e.g. birds). Therefore, the hypothesis presented here favours younger 
divergence times, but is open to discussion.
Even with the assumption that B. salaziensis dates from 2 Ma, a large 
proportion of the Begonia diversity seen today in Africa is of pre-Pleistocene origin. 
Species of Pleistocene origin are concentrated in species-rich groups such as sections 
Loasibegonia, Scutobegonia and Tetraphila, which have their centre of diversity in 
western Central Africa. Phylogenetically isolated taxa such as B. longipetiolata, B. 
iucunda and B. thomeana date to the late Miocene, a period of extended aridification on 
the African continent that had severe effects on African rain forest species. There is also 
a tendency for phylogenetically isolated species to occur outside the main identified rain 
forest refuges. All the endemic species on the island of Sao Tome appear to be 
palaeoendemics, such as B. thomeana, B. baccata, B. molleri and B. subalpestris. Of 
these species, the latest age estimate is for B. baccata which is dated at ca. 3 Ma. 
Therefore, Sao Tome appears to have functioned as an important (if previously 
unrecognised) pre-Pleistocene refuge. On the mainland, areas such as the Massif of 
Chaillu in Gabon, southern Congo (Brazzaville) and far western areas of Congo 
(Kinshasa) have played similar roles to Sao Tome.
Further phylogenetic studies on other plant groups are essential to create a better 
picture of the historical construction of the African rain forest flora. They should be
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integrated with animal phylogenies to help interpret how the geological and 
climatological history has prompted the diversity we see today on the continent.
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CHAPTER 7 Conclusions and further work
7.1 CONCLUSIONS
Systematic research in Begonia is significant because it is representative of other 
very large angiosperm genera. Many such genera have never been the subject of 
thorough monographic study, and therefore their species remain hard or impossible to 
identify, and their evolution not understood (Mabberley, 1993). The recognition of 
monophyletic units within large genera like Begonia, which in many cases will be 
equivalent to currently taxonomically recognised groups (e.g. sections Erminea, 
Squamibegonia, Baccabegonia), is essential to split these genera up into manageable 
groups on which to perform further taxonomic and phylogenetic work. This type of 
broad-scale study can be very useful in answering some of the questions and doubts 
voiced by Doorenbos et al. (1998) with respect to sectional delimitation, relationships 
between sections and the taxonomic placement of some species.
The research presented in this thesis, together with a synthesis of other recent 
studies (Sosef, 1994; Tebbitt, 1997; Badcock, 1998; Doorenbos et al., 1998; Forrest, 
2000), suggests a clear strategy to delimit monophyletic groups in Begonia, that could 
be the subject for future monographic and phylogenetic study. Furthermore, it suggests 
how phylogenetic relationships within such groups can be resolved.
Chapter 2 demonstrated that the chloroplast trnL intron provides DNA sequence 
data with an optimal level of variation to delimit monophyletic groups in Begonia. It is 
an ideal locus to investigate genus-wide relationships in Begonia. Nuclear ribosomal 
ITS, in contrast, presents considerable difficulties in sequence alignment across this 
taxonomic range, limiting its utility. In view of this, it should be a priority to carry out a 
more extensive plastid gene phylogeny of Begonia, extending sampling, in particular 
with respect to American and Asian species. Increased phylogenetic resolution would
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also be provided if other chloroplast loci that evolve reasonably quickly, such as matK, 
were also employed.
Chapter 4 demonstrated that the faster rate of sequence evolution in ITS is an 
advantage when studying the relationships between closely related, and in some cases, 
between individual species. At this taxonomic level, sequence alignment and therefore 
DNA sequence character definition is less ambiguous. In combination, trnL and ITS 
provide resolution at different taxonomic levels, and in this sense are highly compatible.
Some recent authors (Scotland & Olmstead, in prep.) claimed that morphology 
alone does not perform well in cladistic analyses. This appears to be the case in 
Begonia, where a phylogeny based on morphological characters was not congruent with 
molecular estimates. However, the role of morphology in any useful classification of 
Begonia is clearly important. The molecular phylogenies can be used in conjunction 
with a posteriori character optimisation to demonstrate whether morphological 
characters traditionally used to define sections in Begonia diagnose monophyletic 
groups. In the case of African begonias, these morphological characters, diagnosed 
some, but not all clades in the molecular phylogeny. In Africa for example, the presence 
of a peltate scale-like indumentum reflects evolutionary relationships better than the 
presence of fleshy fruits (Chapter 2 and 3), and long fusiform fruits are not diagnostic of 
section Tetraphila, since this section has been found to be paraphyletic (Chapter 4). The 
well-resolved topology for closely related Begonia species resulting from simultaneous 
cladistic analysis of morphological and molecular data sets, demonstrates that in this 
restricted taxonomic context, morphology does have a role to play, and that the 
conclusions of Scotland & Olmstead (in prep.) are somewhat extreme. However, it 
appears that the difficulties in character coding and definition outlined in Chapter 4 
limit the use of morphology alone in a cladistic context in Begonia, especially across 
the entire genus.
In summary, the research presented here suggests a clear research program to 
define phylogenetic relationships in Begonia, if resources for such a large task were 
available. The trnL intron and similar chloroplast loci could define wider monophyletic 
groups. ITS can provide resolution within these groups, and morphological characters,
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in conjunction with molecular data in combined cladistic analyses can provide 
resolution of the relationships of closely related species.
7.2 FURTHER WORK
Recent morphological and molecular work on the genus Begonia has answered 
many questions, but in its wake created many more. Below are questions and priorities 
for research in the genus which have arisen from this and other recent work:
1) Are Asian and American begonias truly monophyletic? ITS sequence data shows 
Asian and American species to be monophyletic. This find is not corroborated by 
trnL intron chloroplast DNA sequence data nor by a more restricted study of the 
tmC-tmD. A wider sampling of Asian and American species for cpDNA and 
additional nuclear genes could give insight into this incongruence, particularly 
whether it is a sampling artefact because so few American and Asian species have 
been sampled..
2) The taxonomy and evolution of Malagasy begonias. The 50 species of Begonia 
found on Madagascar, the Mascarenes and Reunion are currently divided into five 
sections. Some of the species on Madagscar, such B. goudotii, B. bosseri or B. 
kalabenonensis have a unique macro- and micromorphology not found on the 
African mainland. Using phylogenetic techniques it would be possible to investigate 
how these different morphologies arose, and whether the current sectional 
classification of Malagasy species reflects evolutionary relationships.
3) Phylogenetics and biogeography of refuge begonias. In 1994, Sosef investigated the 
relationships of species in sections Loasibegonia and Scutobegonia based on a 
morphological cladistic analysis. Would the phylogenetic analysis of sequence data 
for species in both these sections show the same patterns of relationship found on 
the basis of morphology? Can the presence of refugia in West Central Africa during 
the Pleistocene and earlier be imprinted in the genome of some of these species? 
How would the level of divergence between populations of a chosen species vary 
from regions of postulated refugia to areas outside the refugia?
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4) A world-wide revision of the genus Begonia. African begonias are relatively well 
studied thanks to the continuing work on these species by researchers at the 
Agricultural University in Wageningen, and due to the manageable number of 
begonias present on this continent (ca. 158 species). Much less is known about both 
Asian and American begonias and phylogenetic work in these areas is hampered by 
the absence of taxonomic publications for this genus in both continents.
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